DDCIRA  C 

PRINCETON  UNIVERSITY 

DEPARTMENT  OF 

AJiROSPACE  AND  MECHANICAL  SCIENCES 


AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH 
/Contract  AF  49(638)  -  1268 


THE  GAS  PHASE  DECOMPOSITION 
of 

HYDRAZINE  PROPELLANTS 
by 

Igor  J.  Eberstein 
/Technical  Report  708 

Department  of  Aerospace  and  Mechanical  Sciences 


Approved  by 


Irvin  Classman 
Professor  of 

Aeronautical  Engineering 


Reproduction,  translation,  publication,  use  and  disposal  in  whole 
or  in  part  by  or  for  the  United  States  Government  is  permitted* 

Guggenheim  Lciboratories  for  the  Aerospace  Propulsion  Sciences 
Department  of  Aerospace  and  Mechanical  Sciences 
Princeton  University 
Princeton,  New  Jersey 


1964 


is  fastest,  hydrazine  decomposition  is  slowest,  and  the  monomethylhydrazine 
decomposition  rate  is  intermediate. 

Reaction  mechanisms  for  the  thermal  gas  phase  decomposition 
of  hydrazine,  and  its  methyl  derivatives,  were  postulated  and  studied 
numerically.  The  postulated  mechanism  for  hydrazine  decomposition  differs 
from  those  si^gested  by  other  investigators  in  that  it  includes  a  set  of 
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Rate  constants  computed  from  the  mechanism  agree  closely  with 
races  measured  experimentally,  and  the  computed  stoichiometry  agrees 
with  that  observed  exoerimentally . 

V 

A  study  of  hydrazine-water  mixtures  showed  their  rates  to  be 

slower  Chan  Chose  of  the  anhydrous  material  by  approximately  a  factor 

of  10,  and  independent  of  the  amount  of  water  added.  SI  ightly  V7et 

hydrazine  behaved  kinetically  like  the  hydrazine-water  mixtures..  Thus 

it  seems  that  water  inhibits  the  gaseous  decomposition  of  nydrazinfes^y 

very  effectively  suppressing  some  reaction  step.  It  is  suggested  that^ 

the  radical  may  be  formed  in  a  vibratiomally  excited  state,  from 

which  it  can  either  branch  to  give  NH  t  KH.^,  or  be  deactivated  to  a 

relatively  stable  form  by  collision  with  other  molecules.  Then,  v/ater 

may  inhibit  branching  by  greatly  promoting  the  vibrational  relaxation 

of  N-H 
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ABSTRACT 

Reaction  rate  data  on  gas  phase  hydrazine  decomposition  and  an 
understanding  of  the  decomposition  mechanism  are  of  general  scientific 
interest.  Furthermore,  such  understanding  can  contribute  toward  a 
solution  of  the  problems  associated  with  the  use  of  hydrazine  compounds 
as  rocket  propellants.  These  considerations  led  to  a  study  of  the 
kinetics  of  hydrazine  and  tv;o  of  its  methyl  derivatives. 


- The  decomposition  of  hydrazine,  hydrazine-water  mixtures,  UDMH, 

and  monomethylhydrazine  studied  in  the  Princeton  adiabatic  flow 

reactor. .  This  reactor  consists  of  a  cylindrical  quartz  section  and  a 
conical  n^zle.  The  walls  of  the  reactor  are  heated  electrically  to 
prevent  he. it  loss  to  the  ambient  air.  Hot  nitrogen  carrier  gas  flows’ 
through  th  s  reactor  and  is  rapidly  mixed  with  small  quantities  of  gas 
phase  reaciant,  which  is  injected  perpendicularly  to  the  main  stream  at 
the  throat  of  the  nozzle.  The  mixing  is  followed  by  chemical  reaction 
which  can  stretch  over  a  length  of  approximately  30  inches.  Progress 
of  reactioi  is  followed  by  measuring  the  longitudinal  variation  of 
teraperaturj  with  a  silica  coated  Platinum  -  Pt/Rh  thermocouple.  Tne 
temperaturj  regime  of  the  study  was  approximately  800  -  1000  deg.  K. 

A  water  copied  probe  was  used  to  taka  samples  near  the  end  of  the 
reaction  zone. 

V 

The  overall  reaction  order  of  all  three  monopropellants  was 
found  to  be  very  close  to  unity,  and  the  following  first  order  rate 
constants  were  obtained  for  deg/omposition  in  a  3  inch  duct: 
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^  _ _  A  comparison  of  the  reaction  rates^of  the  three  monopropellants 

^show^^that,  in  the  temperature  regime  of  this  study,  UDMH  decomposition 
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Reaction  rate  data  on  gas  phase  hydrazine  decomposition  and  an 
understanding  of  the  decomposition  mechanism  are  of  general  scientific 
interest.  Furthermore,  such  understanding  can  contribute  toward  a 
solution  of  the  problems  associated  with  the  use  of  hydrazine  compounds 
as  rocket  propellants.  These  considerations  led  to  a  study  of  the 
kinetics  of  hydrazine  and  two  of  its  methyl  derivatives. 

The  decomposition  of  hydrazine,  hydrazine-water  mixtures,  UDMH, 
and  monomethylhydrazine  were  studied  in  the  Princeton  adiabatic  flow 
reactor.  This  reactor  consists  of  a  cylindrical  quartz  section  a.nd  a 
conical  nozzle.  The  walls  of  the  reactor  are  heated  electrically  to 
prevent  heat  loss  to  the  ambient  air.  Hot  nitrogen  carrier  gas  flows 
through  the  reactor  and  is  rapidly  mixed  with  small  quantities  of  gas 
phase  reactant,  which  is  injected  perpendicularly  to  the  main  stream  at 
the  throat  of  the  nozzle.  The  mixing  is  followed  by  chemical  reaction 
which  can  stretch  over  a  length  of  approximately  30  inches.  Progress 
of  reaction  is  followed  by  measuring  the  longitudinal  variation  of 
temperature  with  a  silica  coated  Platinum  -  Pt/Rh  thermocouple.  The 
temperature  regime  of  the  study  was  approximately  800  -  1000  deg.  K. 

A  water  cooled  probe  was  used  to  take  samples  near  the  end  of  the 
reaction  zone. 

The  overall  reaction  order  of  all  three  monopropellants  was 
found  to  be  very  close  to  unity,  and  the  following  first  order  rate 
Constants  were  obtained  for  decomposition  in  a  3  inch  duct: 
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A  comparison  of  the  reaction  rates  of  the  three  monopropellants 
shows  that,  in  the  temperature  regime  of  this  study,  UDHH  decomposition 
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is  fastest,  hydrazine  decomposition  is  slowest,  and  the  monomethylhydrazine 
decomposition  rate  is  intermediate. 

Reaction  mechanisms  for  the  thermal  gas  phase  decomposition 
of  hydrazine,  and  its  methyl  derivatives,  were  postulated  and  studied 
ninnerically .  The  postulated  mechanism  for  hydrazine  decomposition  differs 
from  those  suggested  by  other  investigators  in  that  it  includes  a  set  of 
branching  reactions: 


N.,H,  +  NH  — 
2  4 


NH  +  NH„ 


NH^  +  N^H^ 


Rate  constants  computed  from  the  mechanism  agree  closely  with 
rates  measured  experimentally,  and  the  computed  stoichiometry  agrees 
with  that  observed  experimentally. 

A  study  of  hydrazine-water  mixtures  showed  their  rates  to  be 
slower  than  those  of  the  anhydrous  material  by  approximately  a  factor 
of  10,  and  independent  of  the  amount  of  water  added.  Slightly  wet 
hydrazine  behaved  kinetically  like  the  hydrazine-water  mixtures.  Thus 
it  seems  that  water  inhibits  the  gaseous  decomposition  of  hydrazine  by 
very  effectively  suppressing  some  reaction  step.  It  is  suggested  that 
the  N2H2  radical  may  be  formed  in  a  vibrationally  excited  state,  from 
which  it  can  either  branch  to  give  NH  +  NH2,  or  be  deactivated  to  a 
relatively  stable  form  by  collision  with  other  molecules.  Then,  water 
may  inhibit  branching  by  greatly  promoting  the  vibrational  relaxation 
of  N2H3*. 
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INTRODUCTKa^ 

Hydrazine  has  many  qualities  which  make  it  attractive  as  a 
rocket  propellant.  Being  non- carbonaceous ,  it  can  be  used  with  flourine 
oxidizers  to  give  a  hypergolic,  high  energy  propellant  combination. 
Furthermore,  hydrazine  is  a  storable  fuel,  and  is  hypergolic  with  such 
storable  oxidizers  as  nitrogen  tetroxide. 

The  potential  of  hydrazine  as  a  rocket  propellant  was  rec¬ 
ognized  at  a  relatively  early  date.  Thus  hydrazine  hydrate,  in  com¬ 
bination  with  alcohol  and  water,  was  used  to  power  German  rocket  air¬ 
craft  at  the  time  of  the  Second  World  War  (1).  Hydrazine  is  mentioned 
as  an  attractive  rocket  propellant  in  Russian  space  literature  (2), 
and  is  used  extensively  in  American  guided  missile  -,  and  space  pro¬ 
grams  . 

Hydrazine  is  not  only  an  attractive  rocket  fuel.  It  is 
also  a  high  energy,  clean  ourning  monopropellant.  Thus,  it  can  be 
used  to  drive  turbines  for  propellant  pumps,  and  for  auxiliary  power. 
Since  hydrazine  is  a  storable  monopropellant,  it  can  also  be  profitably, 
used  in  midcourse  correction  units.  This  was  done  in  the  Mariner 
Venus  Spacecraft  in  1962  (3).  Furthermore,  it  has  been  proposed  that 
hydrazine  be  used  to  pressurize  fuel  tanks,  and  thus  do  away  with 
pumps  (4). 

But,  together  with  all  its  very  attractive  properties,  hy¬ 
drazine  also  has  a  very  serious  drawback.  It  has  a  tendency  to  under¬ 
go  explosive  decomposition.  This  tendency  severely  undermines  the 
practical  usefulness  of  hydrazine  as  a  rocket  propellant. 

The  methyl  derivatives  of  hydrazine  exhibit  a  greater  sta¬ 
bility  than  the  unsubstituted  specie,  and  like  hydrazine,  they  are 
storable.  However,  their  catalytic  decomposition  aud  ignitability 
are  slower  than  those  of  hydrazine,  making  them  less  useful  for 
auxiliary  power  units,  and  as  hypergolic  propellants.  Also,  the 
carbonaceous  nature  of  the  methyl  substituted  hydrazines  makes  them 
less  useful  with  flourine  oxidizers. 

In  the  methyl  substituted  hydrazines,  some  of  the  desirable 
properties  of  the  unsubstituted  specie  are  sacrificed  in  favor  of 
greater  stability  for  use  in  rocket  systems.  Thus,  UDMH  was  used  in 
the  Jupiter-C  missile  which  launched  the  Explorer  I  satellite  (5), 
and  hydrazine- UDMH  mixtures  have  been  studied  for  use  in  Titan  II  (6). 


It  was  felt  that  a  fundamental  understanding  of  hydrazine 
decomposition  could  contribute  toward  a  solution  of  the  problems  as¬ 
sociated  with  its  use  as  a  rocket  propellant.  Furthemore ,  rate  data 
on  gas  phase  hydrazine  decomposition  and  an  understanding  of  the  de¬ 
composition  mechanism  are  of  general  scientific  interest.  These  con¬ 
siderations  led  to  a  study  oZ  the  kinetics  of  hydrazine  and  some  of 
its  methyl  derivatives.  This  investigation  foi^s  the  center  of  grav^ 
ity  of  the  work  described  herein. 

A  number  of  studies  of  hydrazine  decomposition  have  been 
conducted  by  other  investigators. 

Thus,  hydrazine  decomposition  has  been  a  favorite  reaction 
in  laminar  flame  studies  (7,  8,  9,  10,  11).  Generally,  the  dependence 
of  flame  speed  on  temperature  is  used  to  deduce  an  activation  energy 
for  the  reaction.  Furthermore,  flames  may  be  studied  spectroscopically, 
as  was  done  by  Hall  and  Wolfhard  (12)  who  observed  bands  due  to  NH2 
and  NH  radicals  in  hydrazine  decomposition  flames. 

Szwarc  (13)  used  a  flow  reactor  to  study  the  reaction 

+  X— >2NH2  +  X 

*in  the  presence  of  toluene,  which  acts  as  ascavenger  for  radicals, 
thus  suppressing  the  chain  decomposition  of  hydrazine. 

Ramsay  (14)  studied  the  flash  photolysis  of  hydrazine  vapor. 
Like  Wolfhard,  he  observed  NH2  and  NH  radicals  in  absorption.  Ramsay 
also  l^ound  that  if  an  excess  of  helium  (100  mm)  were  added  to  the 
hydrazine  (8  mm),  the  hydrazine  would  not  decompose  except  at  a  con¬ 
siderably  higher  flash  intensity. 

Jo^t  (15)  studied  hydrazine  decomposition  in  a  shock  tube, 
and  obtained  half-lives  of  hydrazine  as  a  function  of  temperature.  A 
rate  constant  -  temperature  plot  may  be  obtained  from  these  data,  which 
were  taken  in  the  temperature  range  1100  deg.  K,  to  1540  deg.  K. 

In  the  low  temperature  regime,  hydrazine  decomposition  in 
isothermal  bombs  was  studied  by  Thomas  (16)  and  Lucien  (17). 

Though  the  above  studies  have  yielded  considerable  data  on 
hydrazine  decomposition,  only  the  shock  tube  work  of  Jost,  which  was 
carried  out  at  approximately  the  same  time  as  the  Princeton  study, 
gives  quantitative  information  on  overall  rate  constants  in  the 
homogeneous  gas  phase  as  a  function  of  temperature. 

As  regards  UDMH,  Cordes  (18)  studied  its  decomposition  in 
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an  isothermal  flow  reactor  in  helium  carrier  gas,  obtaining  overall 
rate  constants  as  functions  of  temperature. 

The  author  is  not  aware  of  any  kinetics  studies  on  the  de¬ 
composition  of  monomethylhydrazine,  nor  of  any  experimental  study 
to  compare  the  kinetic  behavior  of  hydrazine  and  its  derivatives.  Such 
a  study  was  carried  out  in  the  Princeton  adiabatic  flow  reactor  in  order 
to  gain  a  better  understanding  of  the  similarities  and  differences  be¬ 
tween  hydrazine  and  its  methyl- substituted  derivatives. 

As  will  be  evident  from  the  subsequent  discussion,  the  ad¬ 
iabatic  flow  reactor  can  be  made  tc  yield  quantitative  information  on 
overall  rate  constants  as  a  function  of  temperature.  Furthermore,  the 
turbulent,  adiabatic  flow  reactor  does  not  suffer  from  the  mixing  and 
temperature  non-u.iiformity  problems  encountered  in  isothermal  bombs 
and  in  isothermal  flow  reactors  (19,  20).  Finally,  the  adiabatic 
flow  reactor  provides  data  in  a  reaction  rate  regime  which  is  generally 
too  slow  for  ordinary  shock  tubes,  and  too  fast  for  isothermal  bombs, 
or  even  isothermal  flow  reactors. 

A  special  section  is  devoted  to  the  discussion  of  different 
experimental  techniques  for  obtaining  kinetics  data.  The  specific 
merits  and  limitations  of  the  adiabatic  flow  reactor  will  be  discussed 
in  that  section. 

The  purpose  of  the  experimental  study  was  to  obtain  quanti¬ 
tative  information  on  reaction  rate  constants  as  a  function  of  temper¬ 
ature  for  the  homogeneous  gas  phase  decomposition  of  hydrazine  and  its 
methyl  derivatives. 

The  data  obtained  in  this  study  were  used  to  reach  a  better 
^understanding  of  the  chemical  kinetic  mechanisms  by  which  the  decom¬ 
positions  proceed,  and  to  compare  the  kinetic  behavior  of  hydrazine 
and  its  methyl  derivatives. 

Despite  all  the  work  done  on  hydrazin-  decomposition,  the 
overall  mechanism  by  which  this  decomposition  proceeds  is  still  not 
understood.  For  the  case  of  the  hydrazine  derivatives  the  situation 
is  even  worse. 

Though  some  decomposition  mechanisms  have  been  proposed  by 
the  various  investigators,  none  of  these  has  been  shown  to  quantitative¬ 
ly  predict  both  the  absolute  value  of  the  rate  constant  and  overall  acti¬ 
vation  energy,  and  none  of  the  proposed  mechanisms  has  been  shown  to  be 
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valid  over  a  wide  temperature  range.  One  reason  for  this  difficulty 
is  the  great  complexity  of  the  free  radical  mechanisms  which  govern 
the  decomposition  of  hydra2ine  and  its  derivatives.  Generally,  it 
is  not  possible  to  reduce  the  set  of  differential  equations  deducible 
from  the  mechanism  to  an  analytical  expression  which  may  be  compared 
with  experimental  observations.  Rather,  it  becomes  necessary  to 
make  further  assumptions  regarding  the  behavior  of  free  radicals  in 
order  to  simplify  the  algebra  to  a  point  where  a  solution  can  be 
obtained  (21).  Because  high  speed  electronic  computers  have  be¬ 
come  available,  it  is  now  possible  to  solve  the  set  of  differential 
equations  deducible  from  the  reaction  mechanism  without  making  any 
further  assumptions.  It  is  thus  possible  to  obtain  exactly  the  rate 
constants  predicted  by  the  mechanism.  The  rate  constant- temperature 
plots  obtained  from  the  mechanism  may  then  be  compared  directly  with 
those  obtained  by  experiment.  This  approach  also  makes  it  possible 
to  study  the  validity  of  the  steady  state  assumption  for  the  particu¬ 
lar  mechanism.  Unlike  simple  Arrhenius  expressions,  which  generally 
are  only  valid  in  a  narrow  temperature  range,  a  complete  mechanism 
can  be  used  with  much  greater  confidence  to  predict  rates  over  a 
wide  temperature  range. 

Reaction  mechanisms  for  the  decomposition  of  hydrazine, 

UDMH,  and  monomethyl  hydrazine  were  investigated  by  numerically 
solving  the  differential  equations  determined  by  the  mechanisms. 

A  discussion  of  suggested  mechanisms  and  results  of  computations 
is  presented. 

In  general,  the  following  approach  was  used:  Reaction 
rates  were  measured  in  the  flow  reactor  over  a  temperature  range 
of  some  200  deg.  C,  and  chemical  samples  were  taken  at  the  end  of 
the  reaction  zone  with  a  water  cooled  probe.  Spectroscopic  and 
other  data  available  in  the  literature  were  used  to  initially  establish 
a  mechanism.  The  differential  equations  given  by  the  mechanism  were 
then  integrated  numerically,  and  the  rate  constants  and  stoichiometry 
predicted  by  the  mechanism  were  compared  with  those  obtained  experi¬ 
mentally.  The  temperature  range  of  the  study  was  approximately  800 
to  1000  deg.  K.  It  is  interesting  to  note  that  the  computations  yield 
concentration- time  curves  for  reactants,  intermediates,  and  products. 

If  these  could  be  measured  experimentally,  then  such  data,  in  con¬ 
junction  with  information  presented  in  this  thesis,  could  conceivably 


result  in  a  mechanism  which  is  quantitative  and  unique. 

The  material  in  this  thesis  is  organized  into  seven  main 
sections.  First,  a  theoretical  background  is  presented.  This  involves 
a  discussion  of  molecular  structure,  and  a  brief  review  of  the  funda¬ 
mentals  of  chemical  kinetics  with  particular  reference  to  the  validity 
of  the  steady  state  assumption.  Second,  a  discussion  of  experimental 
approaches  to  the  study  of  chemical  kinetics  and  previous  work  on 
hydrazine  is  presented.  Laminar  flames,  shock  tubes,  isothermal  flow 
reactors  and  isothermal  bombs,  flash  photolysis,  and  explosion  limit 
studies  are  discussed  in  particular  as  they  pertain  to  the  study  of 
hydrazine  and  its  methyl  derivatives.  Third,  a  description  of  ap¬ 
paratus  and  of  experiments  performed  in  this  study  is  presented.  The 
principle  and  operation  of  the  adiabatic  flow  reactor  are  discussed, 
and  a  treatment  of  the  effect  which  turbulence  has  on  the  chemical 
kinetics  measurements  is  presented.  The  results  of  the  measurements 
are  then  presented  and  discussed  considering  such  factors  as  the  most 
appropriate  overall  order  for  the  reaction.  After  this  discussion, 
reaction  mechanisms  for  hydrazine  and  its  derivatives  are  postulated. 
This  section  is  followed  by  a  discussion  of  the  results  of  computations 
performed  on  the  postulated  mechanisms.  It  should  be  noted  that 
though  the  experimental  data  have  been  reduced  using  a  simple  Arrhenius 
expression,  this  correlation  has  been  looked  upon  as  empirical.  An  un¬ 
derstanding  of  the  mechanism  of  decomposition  was  sought  by  comparing 
the  computed  behavior  of  various  mechanisms  with  results  of  the  series 
of  experiments  performed  in  this  study  and  the  results  of  other  in¬ 
vestigations. 

As  a  concluding  remark,  it  should  be  noted  that  hydrazine 
vapor  is  very  explosive  and  extremely  difficult  to  handle  experimental¬ 
ly.  Consequently,  quite  formidable  engineering  difficulties  had  to  be 
overcome.  The  resulting  complexity  of  the  experimental  apparatus  and 
the  severe  setbacks  in  the  experimental  effort  caused  by  several  hy¬ 
drazine  explosions  made  it  quite  impossible  to  attain  the  high  degree 
of  reliability,  thoroughness  and  sophistication  of  experimental  effort 
which  would  have  been  possible  if  the  substance  studied  had  been  more 
reliable  and  less  hazardous  and  capricious  than  hydrazine. 
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CHAPTER  I 


THEORETICAL  COHSIDERATIONS 

A  brief  theoretical  background  is  presented.  The  discussion 
is  organized  as  follows.  First,  the  electronic  and  molecular  structures 
of  hydrazine,  unsymmetrical  dimethylhydrazine,  and  monomethylhydrazine 
are  considered.  This  consideration  is  followed  by  a  discussion  of  the 
meaning  of  the  Arrhenius  expression  for  elementary  reactions.  A  dis¬ 
cussion  of  elementary  reactions  in  chain  processes  is  then  presented, 
and  is  followed  by  a  consideration  of  the  validity  of  the  steady  state 
hypothesis  for  homogeneous  gas  phase  reactions. 

A.  Electronic  and  Molecular  Structure 


In  a  quantum  mechanical  study  of  hydrazine.  Penny  and  Suther- 

2 

land  (22)  found  that  the  (2  )  shell  of  the  nitrogen  atom  shows  a  dis- 

s 

tinct  tendency  to  break  up  under  the  influence  of  neighboring  atoms. 

2  3 

Consequently,  one  has  to  deal  not  with  a  pure  configuration  (2  )  (2  ) 

2  3  4  s  p 

but  with  a  mixture  of  (2  )  (2  )  and  (2  )  (2  )  .  Now,  if  one  of  the  , 

s  p  s  p  2 

2g  electrons  is  removed,  there  remains  the  configuration  (2^)  (2p)  , 

identical  to  that  of  the  tetravalent  carbon  atom.  The  four  valencies 
of  the  carbon  atom  are  disposi?  tetrahedrally ,  and  their  great  bond¬ 
ing  power  arises  from  the  hybridization  of  the  2^  and  2^  wave  functions 
(23).  If  the  2^  electron  which  was  removed  from  the  N  atom  is  now 
restored,  not  into  the  2^  orbit,  but  into  one  of  the  already  singly 
occupied  tetrahedral  orbits,  then  an  ''  atom  is  obtained  with  powerful 
valence  bonds  along  three  of  the  tetrahedral  directions,  and  a  pair  of 
electrons  of  opposite  spins  occupying  the  fourth  (22).  Penny  and 
Sutherland  (22)  consider  a  hydrazine  constructed  from  such  nitrogen 
atoms  to  be  the  most  stable  one  possible. 

The  following  average  bond  strengths  appear  to  be  applicable 
to  the  hydrazine  molecule  (24); 


N  -  N 
N  -  H 


60  jjcal/mole 
88  kcal/mole 


Herzberg  (25)  gives  the  following  ground  state  bond  distances: 


N  -  H 


r  =  1.014  X  10  ^cm 
o 


4 


1 


N  -  N 
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X  10  cm 
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All  bond  angles  are  approximately  108  -  10  degrees  (20). 

From  spectroscopic  observations,  Fresenlus  and  Karweil  (27) 
conclude  that  of  three  molecular  structures  possible  for  hydrazine, 
i.e.  the  tub  form,  the  seat  form,  and  the  totally  unsymmetrical  form, 
the  one  existing  at  ordinary  temperatures  is  the  totally  unsymmetrical 
form.  At  ordinary  temperatures  there  is  no  rotation  about  the  N  -  N 
bond,  but  only  twisting.  Fresenius  and  Karweil  (27)  assign  to  hydrazine 
a  potential  barrier  for  rotation  of  6  to  10  kcal,  in  agreement  with 
the  value  found  by  Penny  and  Sutherland  (22)  who  calculated  0.33 
electron  volts  for  the  higher  barrier.  These  authors  also  calculated 
a  smaller  barrier  of  0.2  ev.  The  acceptance  of  this  second  barrier 
leads  to  acceptance  of  two  forms  of  which  result  by  rotation  of 

one  of  the  NH^  groups  about  the  N  -  N  bond. 

Modes  and  frequencies  of  oscillation  for  hydrazine  as  found 
by  Fresenius  and  Karweil  are  shown  in  Figure  1. 

An  interesting  possibility  to  consider  is  the  migration  of 
H  atoms.  Thus  Audrieth  and  Ogg  (26)  state  that  it  is  conceivable  that 
hydrazine  may  exist  in  a  tautomeric  amine- imide  form  NH  and 

that  proton  migration  may  have  occurred  to  give  a  molecule  with  such 
a  structure.  There  is  some  chemical  evidence  to  indicate  that  such  an 
amine- imide  structure  is  possible  for  certain  hydrazine  derivatives. 

Thus  phenylhydrazine  undergoes  thermal  decomposition  involving  migra¬ 
tion  of  the  NH  radical  from  the  ortho  to  the  para  position,  with  the 
formation  of  p  -phenylene- diamine  (26). 

It  will  be  seen  later  that  the  migration  of  hydrogen  atoms 
can  result  in  some  interesting  reactions. 

Now,  let  us  proceed  to  a  discussion  of  the  two  methyl  deriva¬ 
tives  of  hydrazine,  which  are  of  interest  in  this  study. 

From  electron  diffraction  studies,  Beamer  (28)  determined 
the  following  angles  and  bond  distances  in  unsymmetrical  dimethyl- 
hydrazine; 


C  -  N 

1.47  +  0.03  A° 

N  -  N 

1.45  +  0.03  A° 

N  -  H 

1.04  A°  (assumed) 

C  -  H 

1.09  A°  (assumed) 

G  -  N  -  C 

110°  +  4° 

C  -  N  -  N 

110°  +  4° 
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An  interesting  feature  of  the  UDMH  molecule  is  that  the 
masses  of  NH2  and  CH^  are  very  much  alike ,  i.e.  the  ratio  of  the  mole¬ 
cular  weights  of  the  two  groups  is  16:15.  If  this  ratio  is  compared 
with  1:15  between  hydrogen  and  CH^,  it  appears  more  correct  to  consider 
UDMH  as  a  substituted  ammonia,  rather  than  as  a  substituted  hydrazine. 
Thus,  UDMH  should  be  written  as 


rather  than  as 


H2N  -  N 


\ 


H  ^  ^  <^^3 

From  the  electronic  structure  considerations  for  the  nitrogen, 
atom,  it  was  found  that  the  N  atom  has  four  electron  clouds  which 
are  qualitatively  similar.  Of  these  only  three  are  being  used  for  bond 
formation.  Thus,  there  appears  to  be  a  possibility  for  resonance, 
which,  together  with  the  short  observed  N  -  N  bond  distance  makes  it 
quite  likely  that  the  N  -  H  bond  is  stronger  than  60  kcal.  Diebeler, 
Franklin  and  Reese  (29)  made  electron  impact  studies  of  hydrazine,  and 
the  methyl  substituted  hydrazines.  From  these,  they  computed  the  N  -  N 
bond  in  UDMH  to  be  72  kcal/mole,  which  tends  to  confirm  the  above  con¬ 
siderations. 

One  would  expect  the  bond  strengths  in  monomethylhydrazine 
to  be  intermediate  between  those  of  hydrazine  and  UDMH.  This  expecta¬ 
tion  is  confirmed  by  Diebeler  et  al.  (29)  who  give  67  kcal/mole  as 
the  strength  of  the  N  -  N  bond  in  monomethylhydrazine.  However,  the 
mechanical  and  steric  structures  of  monomethylhydrazine  should  not  be 
treated  as  simple  averages  between  those  of  hydrazine  and  UDMH. 

Diebeler  et  al.  (29)  find  that  in  monomethylamine  the  N  -  C 
bond  is  80  kcal/mole,  in  diraethylamine  87  kcal,  and  in  trimethylamine 
94  kcal.  The  electron  cloud  contribution  which  can  be  provided  by  an 
NH2  group  is  likely  to  be  weaker  than  that  provided  by  a  CH^  group. 
Consequently,  one  would  expect  the  N  -  C  bond  in  UDMH  to  be  slightly 
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weaker  than  the  corresponding  bond  in  trimethylamine ,  and  the  N  -  C 
bond  in  monomethylhydrazine  to  be  slightly  weaker  than  the  corresponding 
bond  in  dimethylamine.  The  N  -  C  bond  strengths  for  UDMH  and  mono- 
methylhydrazine  were  thus  estimated  to  be  90  kcal/mole  and  83  kcal/mole 
respectively. 

In  summary,  the  following  values  of  bond  strengths  appear 
to  be  applicable  to  the  methyl  derivatives  of  hydrazine. 


UDMH 
N  -  N 
N  -  C 
N  -  H 
C  -  H 


72  kcal/mole 
90  kcal/mole 
88  kcal/mole 
98  kcal/mole 


Monomethvlhvdraz ine 


N  -  N 
N  -  C 
N  -  H 
C  -  H 


67  kcal/mole 
83  kcal/mole 
88  kcal/mole 
98  kcal/mole 


It  is  seen  from  the  above  that  for  all  the  hydrazines  the 
N  -  N  bond  is  the  weakest. 


B.  The  Arrhenius  Expression  for  Elementary  Reactions 

The  rate  constant  for  elementary  reactions  may  usually  be 

written  as 

k  =  A  exp  [-E/RT] 

where  A  is  the  "preexponential  factor"  and  E  is  the  "activation 

energy."  The  meaning  of  these  terms  will  now  be  examined. 

* 

If  a  molecule  AB  has  an  energy  E  above  the  ground  state 

value  for  the  molecule,  there  is  a  finite  probability  that  at  some 

time  this  energy  will  be  concentrated  in  an  A  -  B  vibrational  or 

•k 

rotational  mode.  If  E  exceeds  the  A  -  B  bond  strength,  then  such 

concentration  of  energy  can  lead  to  rupture  of  the  A  -  B  bond,  re- 

suiting  in  the  reaction 

AB  - »  A  +  B 

* 

The  value  of  E  which  is  necessary  in  order  that  the 

above  process  take  place  is  thi  activation  energy  E.  For  a  simple 

* 

molecule,  the  probability  that  E  exceeds  E  is  exp  (-E/RT). 

For  a  diatomic  molecule  the  probability  that  the  vibrational 


energy  exceeds  E  is  exp  (-E/RT)  if  the  vibrational  levels  are  con¬ 
tinuous,  which  is  almost  true  of  the  very  high  vibrational  levels.  If, 
in  addition,  the  effects  of  rotation  may  be  neglected,  than  this  pre¬ 
exponential  factor  is  the  same  as  vibration  frequency,  and  the  rate  of 
decomposition  is  the  product  of  the  vibration  frequency  and  the  prob¬ 
ability  that  the  vibrational  energy  exceeds  the  activation  energy. 

For  a  bimolecular  reaction 


AB  +  C  - A  +  BC 

the  preexponential  factor  may  be  interpreted  as  the  product  of  collision 
frequency  and  a  steric  factor.  E*  is  then  the  translational  kinetic 
energy  released  as  a  result  of  the  collision.  In  this  simplified  model  . 
the  contributions  of  initial  rotational  and  vibrational  energy  of  the 
AB  molecule  are  ignored. 

It  should  be  pointed  out  that  in  the  above  models,  the  chem¬ 
ical  processes  were  assumed  to  be  sufficiently  slow  so  that  a  Boltzmann 
energy  distribution  was  always  maintained. 

Hinshelwood  (30)  considered  the  contribution  of  vibrational 
and  rotational  energy  to  E*,  and  found  the  probability  that  E*  exceeds 
E  to  be  given  by  the  expression 

exp  (-E/RT) 

where  m  =  n/2  =  number  of  degrees  of  freedom  of  the  molecule  and  n 
is  the  number  of  'square  terms'  in  which  the  energy  of  the  molecule  is 
distributed.  In  deriving  the  above  expression,  it  is  assumed  that  there 
is  free  energy  transfer  between  modes.  However,  the  probability  that 
all  the  'mechanical'  energy  of  a  molecule  is  available  to  a  particular 
mode,  is  less  than  unity.  Thus,  the  rate  constant  is  properly  written 
as 

k  =  yPB  exp  (-E/RT) 

where 

T.  1 

B  =  (  RT) 

(m-  1)  : 

and  F  is  the  probability  that  the  energy  contained  in  the  molecule  is 
available  in  the  time  *7^  ~  ^/l)  .  For  a  complex  molecule,  the 

number  B  is  quite  large.  However,  P  is  likely  to  be  quite  small,  so 
that  BP  can  have  a  large  range  of  values. 


A  more  thorough  discussion  of different  models  of  mole¬ 
cular  decomposition  is  given  by  Benson  (Ql). 

In  a  gas,  the  Boltzmann  distribution  of  energies  is  main¬ 
tained  by  collisional  energy  transfer.  Consequently,  it  appears  more 
correct  to  write  the  decomposition  reaction 

AB  - ».  A  +  B 

as  the  result  of  three  reactions,  i.e. 

(1)  AB  +  X*  - >  AB*  +  X 

(2)  AB*  +  X  _ >  AB  +  X* 

(3)  AB*  - >  A  +  B 

Reactions  1  and  2  serve  to  maintain  the  Boltzmann  energy 
distribution  for  the  AB  molecule,  whereas  reaction  3  results  in  the  de¬ 
pletion  of  active  AB  molecules  from  this  distribution. 

It  is  now  possible  to  speak  of  'high  pressure'  and  'low  pres¬ 
sure*  limits  of  quasi-unimolecular  processes.  Benson  (32)  distinguishes 
these  as  follows: 

In  the  high  pressure  limit  deactivation  of  active  molecules 
is  much  more  rapid  than  decomposition,  and  an  equilibrium  amount  of  ac¬ 
tive  species  may  be  assumed  to  exist.  In  the  low  pressure  limit,  the 
opposite  is  true,  i.e.  the  rate  of  decomposition  of  active  molecules 
is  far  more  rapid  than  the  rate  of  deactivation.  There  is  no  equilibrium 
amount  of  active  specie,  and  practically  every  activation  results  in 
reaction. 

At  the  high  pressure  limit,  the  effectiveness  with  which 
the  third  body  X  transfers  energy  in  a  collision  is  of  little  con¬ 
sequence.  However,  at  the  low  pressure  limit,  the  effectiveness  of 
the  third  body  X  is  of  great  importance.  Also,  third  body  effective¬ 
ness  is  important  for  determining  the  pressures  at  which  a  reaction 
behaves  in  a  'high  pressure*  or  'low  pressure*  manner. 

The  rapidity  of  the  depletion  reaction,  3,  also  plays  an 
important  role  in  determining  whether  a  particular  reaction  behaves 
in  the  'high  pressure*  or  'low  pressure*  manner.  Thus,  a  very  rapid 
decomposition  reaction  could  result  in  'low  pressure*  behavior  even 
at  relatively  hi^  pressures. 

Considerations  similar  to  the  ones  discussed  above  hold  for 
overall  bimolecular  reactions. 


12- 


Thus,  the  reaction 

A  +  BC  - >  AB  +  C 

may  be  written  as  the  sum  of  the  reactions 


A  +  BC  - 

- > 

ABC 

ABC  _ 

- ^ 

A  +  BC 

ABC  - 

- 

AB  +  C 

and  the  reaction 

A  +  B  - ^  AB 

may  be  written  as  the  sum  of  the  reactions 

A  +  B  - ^  AE* 

AB*  - >  A  +  B 

AB*  +  X  - >  AB  +  X* 

In  the  following  section  the  elementary  reactions  of  chain 
processes,  i.e.  initiation,  termination,  propagation,  and  branching 
will  be  discussed  in  the  light  of  the  above  considerations. 

C.  Elementary  Reactions  in  Chain  Processes 

Chain  reactions  consist  of  4  fundamental  types  of  steps, 
namely  initiation,  propagation,  branching,  and  termination.  These 
reactions  will  now  be  discussed,  with  particular  reference  to  the  de¬ 
composition  of  hydrazine  and  its  derivatives. 

First,  consider  the  initiation  reaction  for  hydrazine  de¬ 
composition,  i.e. 

- >  2NH2 

This  reaction  may  be  considered  to  consist  of  three  elementary  steps, 
namely; 


1. 

N2H^  +  X* 

«2«4^ 

2. 

N2H^*  +  X 

N2\ 

3. 

^2^* - 

2NH2 

At  the  low  pressure  limit  »  R2>  whereas  at  the  high  pressure 

limit,  R2  >*;>  R^  and  the  rate  of  decomposition  of  ^2!!^  is  independent 
of  the  third  body  concentration. 

First,  consider  conditions  at  the  high  pressure  limit. 
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The  rate  of  decomposition  of  ^2^4  then  be  written 


dT'Vi’ 


tHjHi  1 


where  is  the  rate  constant  of  decomposition  of  the  activated  comr 
plex.  It  seems  that  an  upper  limit  on  would  correspond  to  the 
vibration  frequency  of  the  bond  to  be  broken.  For  hydrazine,  the  wave 
number  of  the  N  -  N  stretching  bond  is  850  cm  ^  (27).  Thus 


13  -1 

=  2.0  X  10  sec  . 


Then,  one  may  write 


■dT-'VJ 


2.0  X  10^^  X  BP  exp  X  [NjH^] 


Szwarc  (13)  decomposed  hydrazine  in  a  toluene  carrier  gas 
in  a  silica  flow  reactor.  Toluene  acted  as  a  scavenger  for  NH2  radi¬ 
cals.  Consequently,  he  was  able  to  investigate  the  reaction 


which  he  concluded  to  be  a  homogeneous,  unimolecular  gas  reaction  having 


a  rate  constant 


.-12  .-60.000.  -1 
k  =  4  X  10  exp  (  - )  sec 


Writing 


k  =  PB  exp  (-E/RT) 

where  E  is  the  factor  accounting  for  energy  available  in  other  modes 
of  the  molecule,  and  P  is  the  probability  that  this  energy  is  avail¬ 
able  in  the  time  */V  ,  it  is  found  that  BP  ^  0.2. 

However,  Gilbert  (20)  found  that,  contrary  to  assumption,  the 
flow  in  Szwarc 's  reactor  was  not  isothermal,  but  that  there  must  have 
been  a  strong  temperature  effect  due  to  heat  transfer  in  the  entrance 
region  of  the  reactor.  Gilbert  (20)  analytically  corrected  for  the 
heat  transfer  effect,  and  re- interpreted  Szwarc 's  data  as  favoring  a 
second  order  formation  for  NH2  radicals,  rather  than  a  first  order  for¬ 
mation.  Gilbert  found  a  rate  constant 

.-19  .-60,000  .  ,  . 

k  =  10  exp  (  — ^ - )  cc/mole-sec 

which  he  assumed  to  be  the  low  pressure  value  in  a  quasi-unimolecular 
rate  process. 

The  question  now  arises  whether  the  results  of  Szwarc ’s  measure- 


ments,  as  interpreted  by  Gilbert,  can  be  applied  at  the  conditions  ex¬ 
perienced  in  the  Princeton  adiabatic  flow  reactor.  In  Szwarc's  ex¬ 
periment  the  following  values  are  representative. 

Toluene  pressure  =  7.6  mmHg 

Hydrazine  pressure  =  0.76  mai  Hg 

Temperature  =  10oO°K 

In  the  adiabatic  flow  reactor: 

Nitrogen  pressure  750  mm  Hg 

Hydrazine  pressure  10  mm  Kg 

Temperature  1000°K 

A  clue  to  the  pressure  at  which  transition  from  'low  pres¬ 
sure'  to  'high  pressure*  behavior  occurs  may  be  found  in  the  results  of 
laminar  flame  studies. 

Thus  Gilbert  (33)  found  in  the  literature  that  below  one 
atmosphere  the  laminar  flame  speed  was  independent  of  pressure,  while 
at  higher  pressures  it  is  inversely  proportional  to  the  square  root  of 
pressure,  indicating  an  overall  first  order  reaction  at  higher  pres¬ 
sures. 

Hydrazine  decomposition  in  the  flow  reactor  was  found  to  be 
first  order  with  respect  to  hydrazine.  However,  the  carrier  gas  con¬ 
centration  was  not  varied,  so  there  is  no  way  to  tell  whether  the  re¬ 
action  is  truly  at  its  high  pressure  limits  or  whether  it  behaves  in 
the  low  pressure  manner,  with  X  =  =  carrier  gas. 

If  the  relative  third  body  effectiveness  of  hydrazine  and  ni¬ 
trogen  for  the  iriciation  reaction  is  evaluated  in  the  light  of  re¬ 
laxation  experiments,  one  would  tend  to  conclude  that  hydrazine  is 
much  more  effective  than  nitrogen,  and  that  hydrazine  decomposition 
should  proceed  as  if  the  nitrogen  were  absent.  However,  laminar  flame 
experiments  (34)  show  that  hydrazine  decomposition  at  hydrazine  pres¬ 
sures  corresponding  to  its  partial  pressure  in  the  flow  reactor  is 
second  order.  Thus,  it  must  be  concluded  that  the  effectiveness  of 
nitrogen  as  a  third  body  cannot  be  ignored.  This  conclusion  is  further 
supported  by  evidence  presented  by  Bradley  (35)  who  concluded  that 
molecules  which  are  extremely  effective  third  bodies  for  vibrational 
relaxation  prove  to  be  ineffective  in  the  activation  required  to  pro¬ 
mote  unimolecular  decomposition.  Bradley  (35)  also  finds  that  tne 


magnitudes  of  the  efficiencies  differ  in  the  cases,  the  spread 
being  much  less  with  unimolecular  reaction  processes.  Thus  it  is 
found  (36,  37)  that  in  promoting  a  typical  reaction  such  as  the  dis¬ 
sociation  of  nitrous  oxide  the  efficiency  relative  to  that  of  the 
parent  molecule  ranges  from  1.5  in  the  case  of  H2O  to  0.2  for  Ar, 
whereas  the  efficiency  ranges  from  1.0  for  N^O  to  100  for  H^O  in 
the  case  of  simple  vibrational  energy  transfer  in  the  same  molecule. 
From  this  one  can  deduce  the  very  important  conclusion  that  trace 
impurities,  which  can  be  very  important  in  relaxation  experiments,  are 
likely  to  be  unimportant  in  determining  chemical  reaction  rate. 

Since  the  effectiveness  of  nitrogen  as  a  third  body  is  not 
known,  i*"  is  not  possible  to  decide  whether  hydrazine  initiation  in 
the  flow  reactor  behaves  in  a  true  'high  pressure'  manner  or  whether 
'low  pressure'  behavior  with  nitrogen  as  third  body  is  a  more  correct 
description  of  the  process.  If  the  nitrogen  efficiency  is  as  high  as 
unity,  then  'high  pressure'  behavior  would  be  expected.  If,  however, 
such  efficiency  is  as  low  as  0.2  or  0.1  then  'low  pressure'  behavior, 
with  nitrogen  as  the  third  body  would  be  expected.  In  the  latter  case 
there  would  be  a  slight  effect  of  hydrazine  concentration  on  the  rate. 
(It  will  be  seen  later  that  hydrazine  decomposition  flames  were  sec¬ 
ond  order  at  pressures  as  high  as  10  cm  Hg.  A  third  body  efficiency 
of  nitrogen  of  0.1  would  make  its  "effective"  pressure  7.6  cm  Hg, 
thus  placing  the  reaction  in  the  'low  pressure'  regime.  At  17o  ^^2^4’ 
hydrazine  pressure  is  still  only  1  cm  Hg,  thus  the  slight  effect  of 
hydrazine  concentration.) 

In  the  light  of  the  infoinnation  presented  by  Bradley  (35) 
'low  pressure*  behavior  with  nitrogen  as  the  'third  body'  seems  to 
be  the  most  likely  process  occurring  in  the  flow  reactor. 

Similar  considerations  hold  for  the  decomposition  of  UDMH 
and  monomethylhydrazine. 

Termination  reactions  are  reactions  of  the  type 

A  +  B  - AB 

A  general,  second  order  termination  reaction  may  be  written 

(1)  A  +  B  - ^  AB* 

(2)  AB*  +  X - >  AB  +  X* 

(3)  aB*  - >  A  +  B 

Again,  one  may  visualize  a  high  pressure  and  a  low  pressure  limit.  In 


the  high  pressure  regime,  deactivation  by  collision  is  so  rapid  that 
reaction  3  becomes  unimportant,  whereas  in  the  low  pressure  limit  de¬ 
activation  by  collision  is  no  longer  a  rapid  process,  and  reaction  2 
becomes  uniiiq>ortant .  It  should  also  be  noted  that  heteropolar  mole¬ 
cules  can  undergo  deactivation  by  radiation,  i.e. 

AB*  — y  AB  +  h 

However,  such  deactivation  is  likely  to  be  important  only  at  low  pres¬ 
sures,  since  radiation  transition  times  are  generally  long  compared 
with  time  between  collisions,  even  at  moderate  pressures. 

It  appears  that  transition  from  *low  pressure'  to  'high 
pressure'  behavior  for  recombination  reactions  occurs  at  much  lower 
pressures  than  for  initiation,  or  dissociation  reactions.  Thus, 
Kistiakowsky  and  Roberts  (38)  have  measured  the  high  pressure  rate 
constant  for  the  reaction 

CH3  +  CH3 

+  X  - >  C^Hg  +  X* 

and  found  its  value  to  be 

13 

k  “  3.7  X  10  cc /mole- sec 

at  440°K.  They  found  this  rate  to  decrease  with  pressure  below  10  mm. 
Compare  this  finding  with  the  results  of  Gray  and  Lee  (34)  who  found 
hydrazine  decomposition  to  be  second  order  at  pressures  as  high  as 
10  cm. 

However,  it  is  not  difficult  to  find  an  explanation  for  this 
difference.  A  deactivation  collision  merely  requires  a  molecule,  which 
has  a  very  high  probability  of  being  close  to  the  ground  state,  to  be 
able  to  receive  from  AB*  enough  energy  to  deactivate  AB*  to  AB.  In 
the  case  of  dissociation,  the  third  body,  X,  must  not  only  be  able  to 
transmit  its  energy  to  the  reacting  molecule,  but  it  must  also  have  the 
necessary  energy  in  the  first  place.  Since  mcst  molecules  are  generally 
close  to  the  ground  state,  the  requirements  for  an  activating  collision 
are  consequently  much  more  severe  than  for  a  deactivating  collision. 
Indeed,  it  seems  likely  that  whereas  deactivation  of  an  excited  molecule 
can  take  place  in  a  few  collisions,  many  collisions  are  necessary  to 
provide  a  molecule  with  its  dissociation  energy. 

Because  of  the  similarity  between  CH3  recombination  and  the 


reaction 
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It  is  reasonable  to  assume  that  the  rate  constant  for  this  reaction 

13 

will  also  be  approximately  10  cc/mole-sec. 

Propagation  reactions  are  reactions  of  the  type 

AA  +  B  - >.  AB  +  A 

where  A  and  B  are  free  radicals,  AA  is  a  reactant  molecule,  and 
AB  is  a  product  molecule.  Again,  the  reaction  proceeds  in  steps. 


(1) 

AA  +  B  — ►  AAB* 

(2) 

AAB*  — 

— ►  A  +  AB 

(3) 

AAB*  — 

— ►  AA  +  B 

This  sequence  may  be  visualized  as  follows:  reaction  1 
can  occur  if  AA  and  B  possess  sufficient  kinetic  energy  between  them  tn 
overcome  the  coulombic  repulsion.  According  to  Eyring  (39)  such  energy 
is  about  8  kcal/mole.  Once  AAB  is  formed,  the  energy  of  the  bond  AB 
is  released  to  the  'activated  complex'.  If  reaction  2  is  exothermic, 
then  the  activation  energy  of  the  overall  reaction  could  be  just  8 
kcal/mole.  If,  on  the  other  hand,  reaction  2  is  endothermic,  then  the  ‘ 
activation  energy  of  the  overall  reaction  should  be  that  required  to 
overcome  the  coulombic  repulsion  plus  the  difference  between  the  bond 
energies  AA  and  AB  (39).  However,  this  model  must  be  used  with  great 
caution,  as  it  has  been  demonstrated  (40)  that  such  thermodynamic  con¬ 
siderations  alone  cannot  always  account  for  the  magnitude  of  activation 
energies. 

It  may  be  worth  remarking  that  the  product  molecules  can  be 
formed  in  states  which  are  vibrationally  or  electronically  excited. 

Thus  it  is  possible  to  have  a  reaction 

- >  NHj  *^2^3* 

where  the  N2H2  radical  is  formed  in  an  excited  state. 

Branching  reactions  are  reactions  in  which  a  radical  can  re¬ 
act,  in  a  single  step,  to  form  two  or  more  radicals,  thereby  continuing 
the  chain,  and  starting  a  new  one  (41).  This  can  occur  by  simple,  uni- 
molecular  decomposition  of  a  radical,  like 

N2H3* - >  NH2  +  NH 

or  in  a  bimolecular  decomposition,  like 

N2H2  +  X*  - >  N2H3*  +  X 

N2H3*  - NH2  +  NH 
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or  the  branching  reaction  may  result  from  the  interaction  of  a  free 
radical  and  a  reactant  molecule,  like 

NH  +  N2H^  - +  N2H3 

Another  possibility  was  suggested  by  Ramsay  (14)  for  hydrazine 
decomposition,  namely: 


(1) 

N2H4  +  NH2  — 

- >  NH3  -1-  N2H 

(2) 

N2H3*  X  - 

- »•  B2H3  +  X* 

(3) 

N2H3 

- NH2  +  NH 

It  is  seen  that  in  this  case  even  an  inert  third  body  can 
play  a  role  in  determining  the  rate  of  the  branching  reaction. 

In  the  above  discussion,  a  brief  review  of  the  elementary  re¬ 
actions  of  chain  processes  was  presented,  and  is  to  serve  as  background 
for  postulating  reaction  mechanisms.  For  a  thorough  discussion  of  chain 
reactions  reference  is  made  to  Semenoff  (42),  and  to  the  works  cited 
above . 


D.  The  Steady  State  Approximation 

In  analyzing  chain  mechanisms  in  the  past,  it  has  been  customary 
to  resort  to  the  stationary  state  hypothesis,  which  states  (43)  that 
after  a  brief  initial  period,  the  concentration  of  activated  molecules 
reaches  a  state  where  the  concentration  of  active  species  is  independent 
of  time,  except  in  so  far  as  the  concentrations  of  reactant  and  product 
molecules  depend  on  time.  The  validity  of  this  hypothesis  will  now  be 
examined.  Three  regimes  will  be  considered. 

A.  Moderate  temperature  with  a  large  amount  of  branching. 

B.  Very  high  temperatures. 

C.  Low  to  moderate  temperature  with  either  no  branching  at 
all,  or  a  small  amount  of  branching. 

Reference  is  made  to  the  Christiansen- Kramers  expression  for 
reaction  rate  (43) 


dn 


n 


dt 


(k 


4/k, 


)  n  -h  (1  -OC  ) 


where  OC  is  the  number  of  active  particles  produced  when  an  active 

particle  collides  with  an  ordinary  molecule.  Chain  branching  reactions 

,  /  k  ' 

correspond  to  OC  >1  .If  {  4 

\  k3  , 


'U  I  the  denominator  can  ap- 


r 
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proach  zero,  or  even  become  negative.  The  former  case  implies  a  very 
rapid  reaction  whereas  the  latter  merely  means  that  the  steady  state 
hypothesis  is  invalid.  However,  it  was  assumed  in  the  derivation  of 
the  Christiansen-Kramers  expression  (43)  that  deactivation  of  active 
particles  proceeds  through  collisions  with  reactant  molecules.  Gen¬ 
erally,  recombination  reactions  involve  two,  rather  than  one  active 
particle.  Thus  one  may  write 


(0)  71  — yn+A 

(1)  n  A  — — ►  n  +  A 

(2)  A  +  A  . .  yt  aa 

(3)  dA  =(«C-l)k  nA+  kn  -  k„A^ 

(4)  dn  =  -k  n^  -kn=  -  n(k,  A  +  k  ) 

1  o  1  o 


It  is  clear  that  as  reaction  proceeds,  the  value  of  n  de- 
I  creases  monotonically ,  and  shortly  after  A  reaches  its  peak  concen- 

i 

-  tration  i.e.  whan  dA  =  0,  the  first  two  right  hand  terms  in 

■  dt 

t 

:  Equation  3  will  decrease  below  the  value  of  the  third  term,  and 

;  dt 

*  will  become  negative. 

i  Now,  consider  the  case  when  the  temperature  is  moderate,  but 

t  there  is  a  large  amount  of  branching.  Since  initiation  reactions  gen- 

I 

I  e.rally  have  a  very  high  activation  energy,  it  is  likely  that  k^  will 

f  be  small.  The  rate  equations  may  then  be  written  as  follows; 

i  2 

■  dA  =(«<•-  1)  k  „A  -  k,  A^ 

I  dt 

1 

dn  =  -  k.  n  A 

dt 


The  first  of  these  equations  may  be  re-written  as 

k  A^  -  (oc-l)k.  n  A  +  dA  =0 

^  dt 

The  steady  state  hypothesis  requires  that  it  be  permissible 
to  approximate  the  above  as 

kj  .  (  Ot  -  1)  kj  „  A 

A  ■  (  -  1)  kj4^)  n 
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But  if  and  cL  are  very  large,  then 


(Ot-  1)  kj  n  A 


in  the  initial  phase  of  reaction.  Since,  k.  is  large. 


dt  is 


also  large,  and  by  the  time  dA/dt  approaches  zero,  a  significant 
amount  of  reactant  has  already  been  consumed.  Also,  the  concentration 
of  A  is  now  so  high  that  -  dn/dt  is  very  large,  and  in  the  second 
phase  of  the  reaction 

^  -  k,  A^ 

dt  2 

Since  n  has  decreased  very  rapidly. 

Thus  it  is  seen  that  in  the  case  of  a  rapid  branching  reaction 
the  steady  state  hypothesis  may  not  be  applied,  even  though  the  reaction 
rate  always  remains  finite.  Semenoff  (44)  has  given  the  term  "degenerate 
branching"  to  the  case  discussed. 

At  high  temperatures  without  branching  the  situation  is  very 
similar,  only  there  the  initiation  reaction  plays  the  dominant  role. 

By  a  process  of  elimination  it  is  seen  that  the  steady  state 
hypothesis  can  only  apply  to  cases  where  the  amount  of  branching  is 
small,  and  where  the  initiation  reaction  is  slow  compared  with  the 
propagation  reactions.  In  such  a  case  the  concentration  level  of  free 
radicals  will  be  low,  and  will  be  reached  before  a  significant  amount 
of  reactant  has  been  used  up. 

For  such  a  case 


dA  =  k. 


( OC  -  1)  A  -  k-A*"  +  k  n 
L  o 


dn  = 
dt 


n  (k  +  k,  A) 
o  1 


n  k,  A 


If  an  expression  for  A  can  be  obtained,  it  is  then  possible  to  obtain 
an  explicit  expression  for  the  reaction  rate.  Solution  of  the  first 
equation  for  A  yields 


(A. 


(OC  -  1)  +  k 


o  )  n 


(OC  -  1)  +  k 


In  essence,  the  steady  state  approximation  assumes  the  second  term  in 
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the  expression  on  the  previous  page  tb  be  small  compared  with  the  first. 
This  requirement  is  far  less  stringent  than  the  requirement  than 
dA/dt  »  0.  If  it  is  satisfied,  then 


and 


A  = 


.  N  <  -  »  ■‘o 


/ 


dn 

dt 


3/2 


k  (oC  -  ll)  +  k 

-i - ^ 


Several  limiting  cases  may  now  be  considered, 
then 


dn  = 
dt 


If  there  is  no  branching. 


If,  on  the  other  hand,  the  initiation  reaction  is  unimportant,  and 
the  main  free  radical  supply  is  by  branching,  then  the  expression  for 
the  rate  becomes 


dn 

dt 


3/2  . 

n  k, 


Note  that  the  reaction  rate  never  becomes  infinite  because,  in  the  cases 
treated,  the  branching  is  first  order,  whereas  the  termination  is  second 
order.  This  type  of  "degenerate"  branching  was  the  kind  encountered  in 
the  mechanisms  postulated  for  the  decomposition  of  hydrazine  and  its 
derivative  s . 

In  summary,  the  steady  state  hypothesis  can  only  be  applied 
when  the  "steady  state"  concentrations  of  free  radicals  are  sufficiently 
low  that  they  can  be  produced  Without  a  significant  consumption  of  re¬ 
actant,  and  when  almost  all  the  reactant  is  consumed  by  propagation  re¬ 
actions.  It  might  be  remarked  that  the  implication  of  the  steady  state 
hypothesis  is  not  that  the  free  radical  concenfations  stay  constant, 
but  merely  that  the  concentration  of  active  species  depends  on  time 
only  insofar  as  the  concentration  of  reactant  molecules  depends  on  time. 
Thus,  the  steady  state  approximation  merely  requires  that 


« 

dt 


kj  n 


which  is  not  as  stringent  as 


A 


! 


dt 


0 
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Computations  on  free  radical  i^chanisms  show  that  the  Inequality  can 
be  satisfied  for  some  reactions »  whereas  the  equality  to  zero  is  never 
true  for  more  than  an  instant. 

Another  difficulty  with  applying  the  steady  state  hypothesis 
is  that  many  mechanisms  of  practical  interest  are  so  complex  that  an 
explicit  solution  for  the  reaction  rate  cannot  be  obtained  without  in¬ 
troducing  many  questionable  assumptions. 
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CHAFTER  II 

EXPERIMENTAL  METHODS  USED  FOR  THE  STUDY  OF  CHEMICAL  KINETICS 

Two  fundamentally  different  approaches  to  the  study  of 
chemical  kinetics  are  known.  On  one  hand  there  is  the  study  of  indi¬ 
vidual  free  radical,  or  elementary  reactions  by  such  techniques  as 
electron  beam  or  free  molecule  beam  experiments.  On  the  other  hand, 
there  is  the  study  of  overall  reactions  under  different  experimental 
conditions.  The  overall  rate  data  obtained  may  then  be  used  for  gain¬ 
ing  understanding  of  the  reaction  mechanism. 

It  might  be  noted  that  under  suitable  conditions,  this  second 
approach  can  be  used  to  study  elementary  reactions.  Thus  Szwarc  (13) 
used  a  flow  reactor  to  study  the  reaction 

+  X  - 2NH2  +  X 

In  the  research  conducted  by  the  author,  overall  reaction 
rates  were  studied,  and  the  rate  data  thus  obtained  were  used  for  gain¬ 
ing  understanding  of  reaction  mechanisms.  On  one  hand,  empirical  ex-  j 

pressions  for  overall  behavior  of  the  reactions  studied  can  be  of  1 

practical  value.  On  the  other,  understanding  of  the  overall  mechanisms  i 

i 

of  reaction  was  of  considerable  interest. 

Partly  because  of  the  above  considerations,  the  following  dis¬ 
cussion  will  be  restricted  to  some  of  the  better  known  overall  ap¬ 
proaches  to  the  study  of  chemical  kinetics.  These  will  be  discussed 
in  terms  of  experiments  performed  on  hydrazine,  UDMH  or  monomethyl- 
hydrazine. 

It  is  possible  to  classify  kinetics  experiments  into  many 
different  categories,  depending  on  the  particular  properties  which  are 
of  primary  interest. 

Thus  one  may  speak  about  experiments  for  studying  fast  re-  i 

I 

actions  as  compared  with  those  used  to  study  slow  reactions.  Or  ex¬ 
periments  may  be  grouped  into  one  class  if  they  all  maintain  a  particular  j 

physical  property  constant.  One  may  speak  of  Isothermal  or  adiabatic  i 

reactions,  and  of  constant  volume  or  constant  pressure  processes.  Or  1 

experiments  may  be  classified  into  the  ones  which  involve  steep  gradients  i 

of  temperature  and  concentration,  and  the  ones  where  such  gradients  are 
shallow. 

Of  course,  kinetics  experiments  must  also  be  classified  ac- 


cording  to  whether  the  reaction  takes  place  in  the  gas,  liquid,  or 
solid  phase,  or  at  an  interface.  However,  gas  phase  reactions  are  of 
primary  interest  in  this  study,  and  reactions  in  other  media  will  only 
be  discussed  insofar  as  they  throw  light  on  gas  phase  reactions,  or  if 
consideration  of  such  reactions  is  necessary  to  understand  a  reaction 
which  is  believed  to  take  place  in  the  gas  phase. 

In  the  following  discussion  no  particular  attempt  to  classify 
the  different  experiments  into  a  few  large  groupings  has  been  made. 
However,  their  similarities  will  become  apparent  from  the  discussion. 

Flash  photolysis  and  ignition  limits  experiments  are  discussed.  This 
is  followed  by  a  discussion  of  shock  wave  experiments  and  laminar  flame 
studies.  Then  isothermal  bombs  and  isothermal  flow  reactors  are  dis¬ 
cussed.  Finally,  a  brief  treatment  of  surface  reactions  is  presented. 

The  inclusion  of  surface  reactions  is  due  to  the  important  role  that 
container  walls  may  play  in  studies  of  gas  phase  reactions.  The 
Princeton  adiabatic  flow  reactor  is  discussed  in  a  separate  section. 

A.  Flash  Photolysis 

Two  types  of  photolysis  are  possible.  The  substance  of 
interest  may  be  exposed  to  radiation  in  a  narrow  frequency  range,  designed 
to  break  a  specific  bond,  or  the  specie  under  consideration  may  be 
subjected  to  white  light  continuum  radiation.  The  latter  method  is  used 
in  flash  photolysis.  In  flash  photolysis,  low  pressure  gas  in  a 
transparent  container  is  exposed  to  radiation  from  an  electric  dis¬ 
charge  having  a  duration  of  the  order  of  a  millisecond.  Subsidiary 
flashes  may  then  be  put  through  the  photolysis  tube  timed  at  various 
short  intervals.  The  absorption  spectrum  of  these  subsidiary  flashes 
may  then  be  analysed  for  bands  characteristic  of  free  radicals. 

One  difficulty  with  the  method  is  that  quite  high  temperatures 
may  be  reached,  and  the  phenomena  occurring  are  often  difficult  to 
interpret  (45).  Another  difficulty  encountered  if  flash  photolysis 
results  are  to  be  used  for  the  interpretation  of  thermal  reactions,  is 
the  presence  and  reaction  of  electronically  excited  species  (46). 

It  is  of  course  possible  to  combine  the  flash  photolysis  ap¬ 
proach  described  above  with  chemical  analysis  of  reaction  products,  or 
with  some  other  measure  of  the  reaction  rate,  such  as  might  be  obtained 
from  the  pressure  rise  in  the  container. 

The  latter  approach  was  followed  by  Ramsey  (14).  Ramsey  (14) 


Introduced  anhydrous  hydrazine  at  8  mm  pressure  into  his  absorption 
tube.  The  hydrazine  vapor  was  then  subjected  to  flash  photolysis. 

NHg  bonds  In  the  region  4500-7500  A°,  and  NH  bonds  near  3600  A°  were 
observed,  and  the  pressure  In  the  system  after  photolysis  was  approx¬ 
imately  doubled.  An  infrared  spectrum  of  the  products  in  the  region 
2-15  microns  indicated  that  80%  of  the  hydrazine  had  decomposed.  The 
anmonia  and  hydrazine  were  condensed  with  liquid  air,  and  the  residual 
gas  was  shown  by  mass  spectrometer  analysis  to  consist  of  hydrogen  and 
nitrogen  in  the  ratio  ^2/^2  =  1-5. 

Ramsey  (14)  further  found  that  if  an  excess  of  helium 
(100  mm)  were  added  to  the  hydrazine  (8  mm) ,  and  the  mixture  was 
subjected  to  photolysis,  no  NH2  and  NH  spectra  were  observed,  and  no 
appreciable  decomposition  of  hydrazine  took  place. 

Ramsey  postulates  the  following  reactions 

N2H^  +  NH^  +  NH^ 

N^H^  +  >•  NH^  + 

N2H3  - NH2  +  NH 

and  suggests  that  the  decrease  in  the  overall  reaction  and  the  reduction 
in  the  intensity  of  the  NH  and  NH2  absorption  spectra  by  addition  of 
small  amounts  of  helium  may  be  due  to  stabilization  of  the  N2H2  radical 
by  collision. 

It  is  interesting  to  note  that  Gunning  (47)  found  the 
N2H3  radical  to  be  quite  stable  at  room  temperature.  This  observation 
suggests  the  possibility  that  the  N2H2  radical  is  formed  in  a  vibra- 
tionally  excited  state,  from  which  it  may  either  decompose  or  become 
deactivated  by  collision. 

In  the  later  discussion,  it  will  be  seen  that  results  ob¬ 
tained  in  the  Princeton  adiabatic  flow  reactor  do  not  contradict 
Ramsey's  hypothesis. 

B.  Igiition  Limits  Experiments 

According  to  the  theory  of  thermal  explosion,  an  explosion 
occurs  when  the  amount  of  heat  developed  by  chemical  reaction  exceeds 
the  heat  which  can  be  transferred  out  through  the  walls  of  the  vessel. 
Frahk-Kamenetski  (48)  developed  the  heat  balance  equations  for  the 
case  of  pure  conduction.  He  found  that  explosion  occurs  if  a  non- 
dimehsional  parameter  S*  exceeds  a  certain  maximum  value,  where 
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The  timytimim  value  for  ^  is  calculated  theoretically  by  Frank- 
Kamenetski  (48)  and  is  found  to  be  2.0  for  a  cylindrical  vessel  and  3.32 
for  a  spherical  vessel. 

Gray  and  Spencer  (49)  used  the  Frank-Kamenetski  theory  to 
interpret  the  results  of  their  ignition  experiments.  Gray  and  Spencer 
determined  the  critical  pressure  limits  of  spontaneous  ignition  by 
measuring  the  total  pressure  of  reaction  mixture  necessary  for  ignition 
on  admission  to  a  hot  vessel  at  a  given  temperature. 

The  theory  was  developed  for  heat  conduction  from  the  gas 
to  a  cold  wall,  whereas  heat  is  transferred  from  a  hot  wall  to  the  cool 
gas  in  the  Gray  and  Spencer  r /periments .  In  this  case  it  would  seem 
that  ignition  occurs  if  heat  generation  in  the  gas  layer  next  to  the 
wall  exceeds  the  rate  at  which  heat  can  be  conducted  into  the  interior 
cool  gas.  However,  this  process  is  very  similar  to  what  is  assumed  in 
the  Frank-Kamenetski  theory.  Also,  the  fundamental  physical  parameters, 
except  the  radius,  are  the  same.  Thus  it  is  not  surprising  that  the 
Frank-Kamenetski  theory  does  correlate  the  results  of  ignition  limits 
experiments  of  the  kind  conducted  by  Gray  and  Spencer.  The  value  of 
,  however,  must  not  be  expected  to  be  that  calculated  theoret¬ 
ically. 

Obviously,  ignition  limits  experiments  only  have  meaning  for 
gas  phase  reactions  insofar  as  catalytic  initiation  of  the  wall  sur¬ 
face  is  unimportant. 

The  Frank-Kamenetski  expression  may  be  re-written  as 

^  ■  (ly ..  w 

But  C  *  7l/v/  ,  and  for  an  ideal  gas 

PV  »  -nRT  and  C  -  ^i 

RT 

It  follows  that  for  a  first  order  reaction,  one  may  write 


If  the  second  term  bn  the  ri^t  had  is  assumed  to  be  approximately  con- 
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stant,  then  an  activation  energy  may  be  obtained  by  plotting 

<P  ^/T^)  versus  l/T.  For  UDHH  decomposition,  Gray  and  Spencer 
found  the  activation  energy  to  be  28  +  1  kcal/mole. 

C.  The  Laminar  Flame 

The  laminar  flame  is  a  steep  gradient  device,  it  is  isobaric, 
and  may  be  used  to  study  reactions  generally  classed  as  being  rapid. 

The  laminar  flame  has  been  studied  extensively.  It  can 
be  used  for  kinetics  purposes  in  two  ways,  namely  it  may  be  observed 
spectroscopically  to  yield  information  on  the  free  radicals  taking 
part  in  the  reaction,  and  it  can  be  made  to  yield  an  "activation 
energy"  of  the  chemical  reaction. 

Spectroscopic  studies  of  laminar  flames  will  be  discussed 
first.  Hall  and  Wolfhard  (12)  studied  hydrazine  decomposition  flames 
at  subatmospheric  pressures.  Spectroscopic  work  by  these  authors  in¬ 
dicates  strong  emission  of  "ammonia  alpha  bands"  attributed  to  NH^ 
radicals,  and  weaker  emission  at  3360  angstroms  attributed  to  NH  radicals. 
The  pure  deccmposition  flames  are  yellow-brown  in  color  and  of  low 
luminosity}  there  is  an  after  glow  of  the  same  color  but  with  lower  in¬ 
tensity. 

It  is  seen  that  both  NH2  and  NH  radicals  play  a  role  in  hy¬ 
drazine  decomposition,  and  that  the  NH2  radicals  are  the  more  abundant 
ones. 

Further  usefulness  of  the  laminar  flame  for  kinetics  pur¬ 
poses  stems  from  the  fact  that  the  flame  speed,  and  its  variation  with 
flame  temperature,  may  be  used  to  deduce  an  activation  energy. 

The  flame  speed  is  affected  by  the  chemical  heat  release  of 
the  reaction,  the  heat  capacity  of  the  mixture,  the  conduction  and  dif¬ 
fusion  of  heat,  diffusion  of  active  species,  and  possibly  the  back  dif¬ 
fusion  of  products.  Thus  the  processes  which  determine  the  laminar  flame 
speed  are  many  and  complex. 

If  both  the  reaction  mechanism  and  the  transport  properties 
are  known  with  reasonable  certainty,  this  infoinnation  may  be  used  to 
predict  temperature  and  concentration  profiles,  and  ultimately  the 
laminar  flame  spded.  Infdrtnation  obtained  in  the  Princeton  study  of 
hydrazine  may  be  useful  for  a  detailed  numerical  analysis  of  hydrazine 
flames . 

The  other  6»o  approaches  to  analysis  of  laminar  flames, 
which  will  be  briefly  discussed  in  what  follows,  are  the  simple  thermal 
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theory  and  Van  Tlggelen's  active  particle  diffusion  theory.  Use  of 
these  theories  to  Interpret  hydrazine  flame  speed  data  will  also  by 
discussed. 

In  the  simple  thermal  theory  of  flame  propagation  the  follow¬ 
ing  assumptions  are  made:  (1)  the  flame  is  one- dimensional,  (2)  it  is 
steady  with  respect  to  tin®,  (3)  velocity  gradients  may  be  neglected, 
hence  viscosity  terms  in  the  momentum  equation  may  be  ignored,  (5)  the 
effect  of  gravitational  and  other  similar  fields  may  be  Ignored,  (6) 
the  loss  of  energy  by  radiation  is  negligible,  (7)  the  hot  bouiidary  for 
the  flame  reaction  zone  is  assumed  to  be  the  -condition  of  thermodynamic 
equilibrium  at  the  adiabatic  flame  temperature,  (8)  the  reaction  rate 
is  described  by 

w  =  A  exp 

(9)  diffusion  is  important  only  as  it  affects  the  energy  balance,  (10) 
specific  heat  and  thermal  conductivity  are  constant  throughout  the  re¬ 
action  zone,  (11)  the  thermal  diffusivity  is  equal  to  the  molecular  dif- 
fusivity,  (12)  the  total  number  of  molecules  is  constant. 

If  it  is  further  assumed  that  the  flame  can  be  split  into 
a  preheat  zone  in  which  no  chemical  reaction  occurs,  and  a  reaction 
zone  in  which  the  net  energy  loss  due  to  mass  transfer  may  be  neglected 
in  comparison  with  the  chemical  reaction  and  heat  conduction  teinns, 
the  following  expression  for  the  flame  speed  may  be  derived: 

1 

T  -T 
m  o 

where  k  is  thermal  conductivity 

Cp  is  heat  capacity 

^  is  density 

^  »  w  »  A  exp  1 

RT 

Q  »  heat  release  due  to  reaction 
»  inflection  point  tenq)erature 

»  mean  flame  temperature 

-  Initial  temperature 

*  final  temperature 
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T  =  T, 
m  f 


the  following  expression  is  obtained 


u  *  k 
/oCp^ 


The  above  development  is  derived  in  detail  in  Emmons  (50) . 
Adams  and  Stocks  (8)  use  an  integrated  version  of  the  above 


expression,  i.e. 


=  I  p  L 

where  A  is  thermal  conductivity 
L  is  the  heat  of  reaction 


E  (T*^-  -  T  ) 
f  o 


is  the  initial  density  of  the  vapor. 


]  B  exp  [— ] 


If  the  assumption  is  made  that  the  determining  process  in 
flame  propagation  is  heat  transfer,  then  it  is  permissible  to  deduce 
an  overall  activation  energy  for  the  chemical  reaction  from  flame  speed 
measurements.  If,  however,  diffusion  of  active  species  is  the  dominant 
process,  the  situation  is  far  more  complex,  and  one  can  no  longer  expect 
an  activation  energy  deduced  from  laminar  flame  studies  to  be  applicable 
to  the  chemical  reaction  under  other  experimental  conditions. 

Let  us  proceed  to  consider  some  hydrazine  flame  experiments 
which  were  analyzed  on  the  basis  of  the  simple  theinnal  theory. 

Murray  and  Hall  (7)  measured  flame  speeds  in  hydrazine,  and 
in  hydrazine- water  mixtures.  They  also  analyzed  the  reaction  products, 
and  found  that  these  pointed  to  a  reaction 

N2H^ - > 

Adams  and  Stocks  (8)  measured  the  rate  of  burning  of  hydrazine- 
water  mixtures  in  capillary  tubes  in  a  nitrogen  atmosphere,  and  prepared 
an  Arrhenius  plot  of  the  data  of  Murray  and  Hall  (7)  and  Adams  and 
Stocks.  The  slope  of  their  curve  gives  the  apparent  activation  energy 
of  the  reaction  which  decreases  with  decreasing  tenq)erature  from  45 
kcal/mole  at  1950°K  to  some  30  kcal/mble  at  1400°K. 

Gray,  Lee,  Leach  and  Taylor  (9)  used  two  experimental  methods 
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for  the  study  of  hydrazine  decomposition.  In  one  case,  gaseous  hydrazine 
was  Introduced  into  a  squat  glass  cylinder  20  cm  diam. ,  20  cm  depth, 
which  contained  two  tungsten  electrodes  at  the  center.  As  the  flame 
travels  to  the  walls,  the  pressure  rises,  and  both  the  burned  and  un' 
burned  gases  are  compressed.  As  a  result,  the  movement  of  the  flame 
depends  on  both  the  burning  rate  and  the  gas  flow.  However,  during  the 
initial  phase  of  the  combustion,  the  Increase  in  pressure  is  small,  and 
the  linear  speed  of  the  flame,  S- ,  is  very  close  to  the  speed  relative 
to  the  burned  gas,  S^.  Even  when  the  radius  of  the  flame  sphere  is 
0.3  times  the  radius  of  the  vessel,  the  pressure  has  risen  only  3%  and 
S  «  .98  Sp.  The  pressure  range  which  can  be  studied  in  a  glass  vessel 
extends  from  very  low  values  up  to  about  10  cm  Hg. 

The  second  method  used  by  Gray  and  Lee  (9)  involved  the 
burning  of  liquid  hydrazine  in  narrow  tubes,  in  a  pressure  range  between 
10  cm  Hg  and  76  cm  Hg.  The  products  from  the  decomposition  flame  of 
liquid  hydrazine  were  unaffected  by  changes  in  pressure,  and  corresponded 
closely  to  the  equation: 

»2“4  “  IHs  +  ^“2  *  ^"2 

However,  Gray  and  Lee  (9)  did  find  a  small  decrease  in  flame  speed  at 
pressures  below  5  cm  Hg.  This  they  attribute  to  their  method  of  measure¬ 
ment. 

In  the  thermal  theory  at  laminar  flame  propagation  the  flame 
speed  varies  with  pressure  as 

S 

where  -a.  is  the  overall  order  of  the  chemical  reaction.  Thus  the  pres¬ 
sure  independence  of  flame  speed  observed  by  Gray  and  Lee  indicates  a 
second  order  reaction  for  hydrazine  decomposition. 

Using  Semenoff  flame  theory.  Gray  and  Lee  (9)  found  an  acti¬ 
vation  energy  of  36  kcal/mole. 

Gilbert  (33)  found  in  the  literature  that  below  one  atmosphere, 
the  normal  flame  speed  was  independent  of  pressure  while  at  higher  pres¬ 
sures  it  is  inversely  proportional  to  the  square  root  of  pressure,  in¬ 
dicating  an  overall  first  order  reaction  at  higher  pressures. 

The  other  approach  to  a  chemical  interpretation  of  laminar 
flame  data  is  by  way  of  VanTlggelen's  active  particle  diffusion  theory. 

VanTlggelen  (51)  states  that  the  flame  propagates  because 

f  I 
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active  particles  diffuse  upsteam  where  they  engage  in  propagation, 
branching,  and  termination  reactions.  Apparently,  the  initiation  re¬ 
actions  take  place  in  the  very  hot  downstream  part  of  the  flame. 

The  equation  of  Smoluchowsky  gives  the  total  number  of  col¬ 
lisions  when  a  particle  diffuses  over  a  given  linear  distance 
d:  \  *  3  d^/4X  ^ 

Then,  VanTiggelen  (51)  goes  on  to  say  that  in  order  to  compensate  all 
losses,  each  chain  carrier  has  to  diffuse  over  a  distance  d,  such 
that  branching  occurs  once.  Then 

I-  3>rJ 

For  a  normal  flame  front,  the  flame  speed  V  is  equal  to  d/t,  thus 


and 


V  =  VT/T 

o  0 

it  follows  that 

V  *  2T 
o  o 

where  M  is  the  mean  molecular  weight  of  chain  carriers. 

According  to  VaitTiggelan  (51),  this  relation  is  the  basic  ex¬ 
pression  of  burning  velocity.  Next,  VanTiggelen  goes  on  to  neglect 
beta,  and  to  write  iT  in  terms  of  an  Arrhenius  expression.  Then: 

Vo  =  2T^|/^R'3MT 

where  A  and  B  are  reacting  species. 

One  may  question  VanTiggelen* s  assumption  that  chain  branch¬ 
ing  species  are  the  only  ones  whose  diffusion  is  important.  Surely,  it 
is  possible  for  laminar  flames  to  propagate  in  mixtures  which  react  in 
a  straight  (non- branching)  manner.  Thus  it  seems  that  the  interpreta¬ 
tion  of  'activation  energy*  measured  in  laminar  flames  still  is  not  quite 
clear. 

VanTiggelen  and  De  Jaegere  (11)  measured  flame  speeds  in 
premixed  laminar  flames  of  hydrazine  and  inert,  anr  also  in  hydrazine, 
inert,  and  oxidizer.  In  keeping  with  VanTiggelen ' s  theory,  they  found 


that  their  results  on  hydrazine  flames  could  be  correlated  by  the  ex¬ 
pression 


iC  = 

>fT 


■f  (%)  exp  (  Rx  ) 


where  T  Is  the  proper  mean  flame  temperature,  and  f(7*)  is  the  Initial 
mole  fraction  of  hydrazine. 

VanTlggelen  and  De  Jaegere  (11)  found  an  apparent  activation 
energy  of  28  kcal/mole.  They  also  found  that  this  activation  energy 
did  not  change  whether  they  had  to  do  with  a  decomposition  flame  or  a 
combustion  flame,  and  that  In  the  case  of  the  combustion  flames  It  was 
Independent  of  the  nature  of  the  oxidant. 

In  summary,  the  following  information  about  hydrazine  de- 
conqiosltlon  has  been  obtained  from  laminar  flame  speed  measurements. 

Prom  spectroscopic  observation  of  flames,  one  may  conclude 
that  the  radicals  NH2  and  NH  are  present. 


The  stoichiometry  of  hydrazine  decomposition  follows  the 


path. 


2NH3  + 


The  adiabatic  flame  temperature  in  this  case  is  1660  C  (7). 

The  following  activation  energies  for  hydrazine  decomposition 
have  been  deduced  from  flame  speed  measurements:  On  the  basis  of  the 
data  of  Murray  and  Hail  (7)  and  Adams  and  Stocks  (8),  Adams  and  Stocks 
found  a  curve  which  decreased  with  decreasing  temperature  from  45 
kcal/molt  at  1950°K  to  30  kcal/mole  at  1400°K.  Gray,  Lee,  Leach,  and 
Taylor  (9)  report  an  activation  energy  of  36  kcal/mole,  and  VanTlggelen 
and  De  Jaegere  (11)  report  28  kcal/mole. 

The  last  authors  used  VanTlggelen  flame  theory,  and  interpret 
their  activation  energy  as  pertaining  to  a  branching  reaction  important 
in  hydrazine  decomposition. 

The  other  flame  experiments  were  interpreted  on  the  basis  of 
thermal  theory,  thus  giving  an  “overali."  activation  energy  of  the  re¬ 
action. 

However,  it  should  bo.  noted  that  the  relations  between  acti¬ 
vation  energy  and  flame  speed  given  by  the  two  theories  are  both  of  the 
fora. 


2C  =  Kf  (XO  1/ exp 


. . . . .  . S' 
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where  f  is  a  relatively  weak  function  of  temperature  and  concentra¬ 
tion.  Thus  the  difference  of  the  thermal  theory  approach  and  the  dif¬ 
fusion  theory  approach  does  not  really  lie  in  how  activation  energy  is 
related  to  flame  speed,  but  rather  in  how  the  activation  energy  deduced 
from  flame  speed  measurements  should  be  related  to  the  mechanism  of  the 
chemical  reaction. 

Since  the  interpretation  of  flame  speed  measurements  is  un¬ 
certain  because  of  the  importance  of  diffusion  in  flames,  a  way  to  re¬ 
solve  the  difficulty  would  be  to  study  the  chemical  reaction  under  con¬ 
ditions  where  diffusion  is  not  important.  This  is  one  of  the  thoughts 
which  lead  to  the  construction  of  the  Princeton  adiabatic  flow  reactor 
in  which  heat  transfer  to  the  unreacted  gas  and  back  diffusion  of  active 
species  are  rendered  negligible. 

D.  Shock  Tube  Studies 

Shock  tubes  have  been  used  extensively  for  the  study  of 
chemical  kinetics.  One  reason  for  their  usefulness  in  kinetics  studies 
is  that  changes  in  physical  properties  through  the  shock  are  so  rapid 
that  chemical  reactions  can  be  safely  assumed  not  to  take  place  until 
after  the  shock  front.  Thus  Hornig  (53)  describes  the  shock  front  as 
acting  as  "a  'switch*  by  which  the  temperature,  pressure,  density,  and 
flow  velocity  can  be  changed  instantaneously."  Of  course,  the  thick¬ 
ness  of  shock  waves  is  finite,  and  it  would  be  worthwhile  to  inquire  into 
typical  values  of  shock  front  thickness,  and  number  of  collisions  in 
the  shock  wave.  Greene  and  Hornig  (53)  studied  the  shape  and  thickness 
of  shock  fronts  xn  argon,  hydrogen,  nitrogen,  and  oxygen.  They  found 
that  the  number  of  collisions  through  the  shock  front  is  generally 
less  than  30,  and  that  the  shock  wave  thickness  is  generally  less 
than  0.002  mm.  The  Mach  number  range  of  the  investigation  was  ap¬ 
proximately  1.1  to  2.1*  The  pressure  was  approximately  an  atmosphere. 

Thus,  the  number  of  collisions  through  the  shock  wave  is 
very  small  compared  with  the  pre- exponential  factors  in  most  chemical 
reactions. 

For  the  case  of  no  chemical  reaction,  the  overall  process  in 
a  shock  wave  may  be  thought  of  as  occurring  in  two  stages,  i.e.  (a)  an 
initial  compression  in  the  shock  front  during  which  no  internal  degrees 
of  freedom  are  excited,  and  (b)  a  subsequent  relaxation  during  which 
the  density  changes  from  that  characteristic  of  the  unrelaxed  state  to 
that  of  the  completely  equilibrated  state  (53)< 
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For  a  gas  at  atmospheric  pressure  and  300°K,  Homig  (52) 

finds  that  the  initial  compression  occurs  in  about  10  collisions  or 
-9 

about  10  seconds.  He  also  finds  that  at  least  at  low  tenq>eratures , 
rotational  equilibration  takes  place  in  about  10  collisions,  acc.ept 
in  hydrogen  where  it  takes  about  350  collisions.  Thus  the  initial 
compression  and  rotational  relaxation  takes  place  in  times  measured 
in  millimicroseconds.  Chemical  reaction  rates  which  are  of  interest 
in  propulsion  have  transient  response  times  measured  in  microseconds, 
and  overall  reaction  times  measured  in  milliseconds.  Thus  it  is  per¬ 
fectly  justifiable  to  consider  the  initial  compression  and  the  rotation¬ 
al  relaxation  to  be  Instantaneous.  However,  vibrational  relaxation 
may -not  be  dispensed  with  so  easily.  Kantrowitz  (54)  measured  vibration¬ 
al  rela:.ation  in  CO2  at  temperatures  close  to  100°F  and  at  pressures 
close  to  atmospheric.  He  found  relaxation  times  to  be  in  the  order  of 
3  microseconds,  and  requiring  somewhat  above  30,000  collisions.  There 
is  thus  the  possibility  that  initially  the  chemical  reaction  is  taking 
place  in  a  gas  whose  internal  degrees  of  freedom  are  not  fully  relaxed. 

Jost  (15)  studied  hydrazine  decomposition  in  a  shock  tube. 

He  spectroscoptically  measured  the  decay  of  hydrazine  concentration  be¬ 
hind  the  shock  front.  Jost  (15)  presents  an  Arrhenius  plot  of  the 
half-lives  of  the  reaction.  From  this  he  deduces  an  activation  energy 
of  43  kcal/mole.  Jost’s  plot  of  half  life  vs.  1/T  is  reproduced  in 
Figure  2. 

One  of  the  limitations  of  the  shock  tube  is  that  it  can  only 
be  used  to  study  relatively  rapid  reactions.  This  is  because  the  time 
during  which  the  stagnant  region  behind  the  reflected  shock  is  undis¬ 
turbed  is  relatively  short.  At  higher  temperatures  the  useful  time 
is  also  short  because  for  long  times  heat  losses  become  Important,  and 
conditions  in  the  stagnant  region  are  no  longer  uniform,  making  it  dif¬ 
ficult  to  interpret  the  results. 

E.  Isothermal  Bombs 

Vlhereas  shock  tubes  are  most  useful  for  studying  rapid  re¬ 
actions,  Isothermal  bombs  are  best  adapted  to  the  study  of  slow  re¬ 
actions. 

Isothermal  bomb  experiments  are  among  the  oldest  techniques 
employed  in  the  study  of  chemical  kinetics.  The  reactants  are  placed 
in  a  bomb  which  is  Immersed  in  a  constant  temperature  bath,  and  the 
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progress  of  reaction  is  measured  either  by  the  rate  of  change  of 
pressure  at  constant  volume,  or  by  the  rate  of  change  of  volume  at 
constant  pressure.  As  will  be  evident  shortly,  the  rate  of  heat 
release  due  to  chamical  reaction  must  be  quite  small  in  an  Isothermal 
bomb.  The  temperature  equations  for  the  bomb  are  shown  below.  Heat 
release  due  to  chemical  reaction: 


(ff-L  ■  W  w' 


Heat  loss  by  conduction: 


'  O'  /C6ND. 

Overall  equation: 


V  T 


Steady  state  equation: 


where 


is  the  temperature  in  degrees 


t  is  time 

AH  is  the  enthalpy  of  reaction,  in  calories  per 
gm. -mole -degree 

C  is  the  heat  capacity  at  constant  pressure  in  calories 

^  per  gm. -mole-degree 

is  the  density  in  moles  per  liter 

[C]  is  the  concentration  in  gm.-mole  per  liter 

H  ®  the  temperature  coefficient  of  the  chemical  reaction 

is  the  chemical  reaction  rate  as  represented  by  a 

simple  Arrhenius  type  expression 

k  is  the  effect ive  thermal  conductivity  of  the  substance 
in  the  bomb 

If  the  uniform  temperature  assumption  is  to  be  valid,  it 
is  necessary  that  in  the  bomb.  It  then  follows  from 

Equation  (4)  that  the  following  must  hold: 


(^)  w"  B  «•"" 


0 


(5) 


For  reactions  which  are  of  interest  in  propulsion  is 

large.  It  follows  that  optimum  conditions  for  an  isothermal  bomb 
experiment  involve  minimum  concentration  of  reactant,  maximum  con¬ 
ductivity  of  the  reacting  mixture,  and  usually  low  temperature. 

Ideally,  a  mixture  composed  of  a  small  amount  of  reactant  in  an 
inert  of  high  conductivity,  such  as  helium,  should  be  studied  at  a 
low  temperature.  Of  course,  it  may  be  quite  possible  to  achieve 
merely  making  one  or  two  of  the  terms  in  Equation  (5) 

small. 

A  different  way  of  achieving  an  almost  constant  temperature 
is  to  use  a  bomb  of  very  small  diameter,  in  which  case  even  a 
moderately  large  temperature  gradient  will  only  give  a  small  overall 
temperature  variation. 

The  differential  equation  of  heat  conduction  in  an  infinitely 
long  cylinder  with  heat  generation  by  first  order  chemical  reaction 
was  solved  by  Nichols  and  Presson  (55).  Some  of  the  results  of  these 
authors  are  reproduced  in  the  following.  Figure  3  shows  the  temper¬ 
ature  distribution  as  a  function  of  the  radius  at  various  time 
intervals  during  the  reaction,  A  2"  diameter  solid  was  studied. 

Though  Presson’ s  calculations  were  made  for  a  cylinderical 
solid,  his  results  are  perfectly  valid  for  a  gas  in  a  long  cylinder, 
provided  heat  transfer  is  by  conduction. 

Of  course  it  may  be  argued  that  in  the  gas  phase,  or  liquid 
phase  "isothermal"  bomb,  heat  transfer  is  not  only  by  conduction,  but 
by  convection  as  well,  and  that  consequently  the  temperature  profiles 
in  the  bomb  will  be  different,  and  smoother,  than  those  calculated 
by  Presson.  Hov/ever,  the  purpose  of  this  discussion  is  not  to 
present  an  exhaustive  study  of  isothermal  bombs,  but  merely  to  reviev; 
their  principle  and  general  problems.  So,  this  condition  will  not 
be  treated. 

Thomas  (16)  measured  the  decomposition  reaction  rate  of 
hydrazine  by  measuring  the  rise  of  pressure  in  a  constant  volume  bomb, 
into  which  small  quantities  of  liquid  hydrazine  had  initially  been 
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introduced.  The  whole  bomb  was  immersed  in  a  constant  temperature 
bath. 

One  of  the  difficulties  with  this  apparatus  was  that  the 
time  required  to  reach  temperature  equilibrium  in  the  bomb  was  of  the 
same  order  of  magnitude  as  the  reaction  time.  But  if  uniform 
temperature  conditions  are  to  be  maintained,  it  is  necessary  that 
the  process  of  temperature  equalization  by  conduction-convection  be 
much  more  rapid  than  any  temperature  rise  produced  by  chemical  reaction. 
Since  this  condition  was  not  satisfied  in  Thomas's  experiment,  the 
temperature  in  his  bomb  was  probably  not  uniform. 

Thomas  (16)  introduced  some  liquid  hydrazine  into  his  bomb 
which  was  then  closed  and  placed  in  a  constant  temperature  bath.  Then 
the  pressure  in  the  bomb  was  measured  as  a  function  of  time.  Thomas 
varied  the  amount  of  liquid  charged  to  his  bomb  from  8  ml.  to  28  ml. 
•The  total  bomb  volume  was  36  ml.)  For  all  cases  he  measured  the 
rate  of  pressure  rise  at  500  psi,  and  found  that  there  was  no  deviation 
in  this  rate  due  to  changes  in  volume  of  the  initial  liquid  charge. 

This  shows  that  the  decomposition  does  not  proceed  in  the  liquid 
phase,  for  if  it  did,  the  rate  of  pressure  rise  would  be  a  function 
of  the  liquid  volume.  But  let  us  note  that  when  the  amount  of  liquid 
intorduced  into  the  cylindrical  bomb  is  varied  the  area  of  the  liquid- 
vapor  interface  remains  constant  so  that  a  reaction  whose  rate  is 
controlled  by  a  vaporization  step  would  .iso  behave  in  the  manner 
observed  by  Thomas. 

Now,  let  us  proceed  to  consider  an  isothermal  constant 
pressure  experiment  on  hydrazine  decomposition.  Such  an  experiment 
was  performed  by  Lucien  (17). 

Lucien  (17)  studied  the  isothermal,  constant  pressure  de¬ 
composition  of  hydrazine  and  of  hydrazine -ammonia  mixtures.  His  ap¬ 
paratus  consisted  of  a  J  tube  immersed  in  a  constant  temperature 
bath.  The  bottom  of  the  J  was  filled  with  mercury.  The  upper  part 
of  the  short  leg  was  the  reaction  chamber  and  in  the  long  leg  a 
constant  nitrogen  pressure  was  maintained  above  the  mercury  column. 

Lucien  used  J  tubes  of  very  small  diameters  (his  I,D, 's 
were  3.00,  5.00,  5.56  and  7.00  mm.)  Also,  he  allowed  longer  time 
for  thermal  equilibrium  to  be  established  than  did  Thomas.  Generally, 


his  reaction  times  were  In  tens  of  minutes  for  a  vessel  of  larger 
diameter.  Consequently,  the  uniform  temperature  assumption  In  Lucien's 
(17)  experiment  is  likely  to  be  much  better  than  in  the  constant  volume 
bomb  experiment  performed  by  Thomas. 

In  the  Lucien  (17)  experiment,  liquid  reactant  was  intro¬ 
duced  above  the  mercury  in  the  short  leg  of  the  J.  As  reaction  pro¬ 
ceeded,  a  vapor  space  was  formed  above  the  liquid.  The  progress  of 
reaction  was  then  measured  by  observing  the  change  in  height  of  the 
mercury  column.  According  to  Lucien,  the  initial  gas  space  is  fomed 
by  the  vaporization  of  hydrazine  and  ammonia.  Lucien  (17)  found  that, 
after  an  initial  changing  part,  the  total  reaction  rate  remained 
constant  with  time.  With  the  progress  of  time,  the  vapor  space  above 
the  liquid  increased.  Lucien  assumed  that  the  partial  pressure  of 
hydrazine  in  the  gas  phase  was  equal  to  its  vapor  pressure.  At 
constant  temperature  and  constant  partial  pressure  of  reactant  the 
rate  of  change  of  volume  per  unit  volume  should  be  constant.  Con¬ 
sequently,  the  total  observed  rate  should  increase  as  the  volume  of 
the  gas  space  increased.  Since  such  an  increase  was  not  observed, 
it  is  reasonable  to  conclude  that  the  rate  determining  step  of  the 
reaction  does  not  take  place  in  the  gas  phase. 

But  Lucien  went  further  to  say  that  the  reaction  must  take 
place  in  the  liquid  phase.  Let  us  note  that  this  conclusion  is  con¬ 
tradicted  by  the  experiment  of  Thomas  (16)  who  found  that  the  reaction 
could  not  take  place  in  the  liquid  phase.  Also,  another  experimental 
observation  by  Lucien  (17)  serves  to  contradict  his  conclusion  about 
liquid  phase  reaction.  Lucien  found  that  the  rate  of  decomposition 
was  inversely  related  to  pressure,  and  increased  very  rapidly  as  the 
difference  between  the  confining  pressure,  and  the  vapor  pressure  of 
hydrazine  decreased. 

If  we  have  a  reaction  like: 

^2\  (liq.)^  ^^^3 

only  the  backward  reaction  will  be  pressure  dependent.  However,  at 
the  temperatures  and  pressures  of  the  experiment,  the  free  energy 
change  of  decomposition  of  hydrazine  is  quite  large,  and  therefore, 
the  equilibrium  of  the  above  reaction  is  strongly  to  the  right. 

We  must  conclude  that  under  the  conditions  in  Lucien's 
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experiment,  the  net  rate  of  hydrazine  decomposition  will  be  almost  equal 
to  the  forward  rate  of  the  above  reaction.  But,  at  least  for  moderate 
pressure  differences,  liquid  phase  reactions  do  not  depend  on  pressure. 
Thus,  the  pressure  dependence  observed  certainly  cannot  be  due  to  a 
liquid  phase  reaction. 

Suppose  that  the  reaction  takes  place  in  the  vapor  phase, 
but  that  the  slowest  step  is  evaporation.  The  evaporation  rate  will 
(as  found)  depend  inversely  on  the  difference  between  the  confining 
pressure  and  the  vapor  pressure  of  hydrazine. 

Note  that  Lucien's  vaporization  takes  place  at  a  temperature 
above  the  normal  boiling  temperature  of  hydrazine.  Under  these 
conditions  it  is  not  unlikely  that  one  gets  a  reaction  of  the  kind: 


.2NH2  (gas) 


The  activation  energy  for  such  a  reaction  would  be 


“total  "evap.  “bond  rupture 

As  shown  by  Fenner  (58)  vaporization  may  be  treated  as  a 
rate  process.  The  heat  of  vaporization  of  hydrazine  is  9.6  kcal/mole. 
Szwarc  (13)  reports  that  the  energy  of  the  N-N  bond  in  hydrazine  is 
60  kcal/mole.  E  total  would  then  be  69.6  kcal/mole  which  is 

remarkably  close  to  a  value  of  72  kcal/mole  found  by  Lucien  (17). 

Another  feature  about  the  proposed  reaction  step  is  that 
it  would  exhibit  the  kind  of  pressure  dependence  observed  by  Lucien. 

Consider  the  vaporization  process  in  the  following  manner. 

If  there  is  vaporization  into  a  vacuum,  then 

N2H^  (liq.)  — ►  ^2^4  (gas)  (1) 

If,  on  the  other  hand,  there  is  a  gas  above  the  liquid,  one 
may  also  get  the  reaction 

N2H^  (liq.)  - ^  N.H*  (gas) 


evap. 


N2H*  (gas) 


N2H^(g)  +  X 


N2H^(g)  +  X* 


X*-> dissipation  X 

Reaction  (1)  would  lead  to  decomposition,  whereas  reaction  (2)  would 
lead  to  ordinary  vaporization  of  hydrazine. 

An  increase  in  the  liquid  temperature  would  lead  to  an 
increase  in  both  reactions  (1)  and  (2),  whereas  an  increase  in  confining 
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pressure  would  lead  only  to  an  Increase  of  the  fraction  of  vaporization 
proceeding  by  reaction  (2)  and  thus  decrease  the  production  of  free 
radicals.  On  the  other  hand,  a  decrease  In  confining  pressure  would 
decrease  the  fraction  of  rea'^tlon  proceeding  by  mechanism  (2).  Thus, 
a  decrease  in  the  confining  pressure  would  Increase  the  rate  of  produc¬ 
tion  of  free  radicals,  and  thus  the  rate  of  hydrazine  decomposition. 

it  follows  from  the  above  that  the  less  the  confining  pres¬ 
sure  and  the  greater  the  vapor  pressure,  the  more  rapid  the  react.'' on. 
This  is  exactly  the  behavior  observed  by  Lucien  (17). 

F.  Isothermal  Flow  Reactors 


The  isothermal  flow  reactor  is  similar  to  the  isothermal 
bomb,  in  that  in  both  an  attempt  is  made  to  maintain  constant  temperature 
throughout  the  fluid  in  the  reactor. 

The  laminar  isothermal  reactor  has  the  same  problem  with  re¬ 
spect  to  radial  temperature  uniformity  as  does  the  isothermal  bomb. 
Furthermore,  Batten  (19)  found  that  over  a  range  of  experimental  conditions 
in  a  conventional  laboratory  flow  reactor,  the  bulk  of  the  gas  streams  ' 
through  the  tubular  reactor  without  diffusing  laterally  to  any  appre¬ 
ciable  extent.  This  condition  results  in  a  decidedly  shorter  reaction 
time  for  reactant  passing  along  the  center  of  the  tube,  than  for  ma¬ 
terial  flowing  near  the  periphery.  Batten  (19)  goes  on  to  say  that 
an  effect  of  this  kind  can  vitiate  completely  calculations  of  contact 
time  based  on  an  assumption  of  plug  flow. 

Despite  such  difficulties,  a  discussion  of  kinetics  studies 
using  such  flow  reactors  appears  worthwhile. 

Szwarc  (13)  decomposed  hydrazine  in  a  toluene  carrier  gas  In 
a  silica  flow  reactor  which  he  assumed  to  be  Isothermal. 

The  purpose  of  the  toluene  carrier  gas  was  to  remove  NH^ 
radicals  as  soon  as  they  were  formed,  by  the  rapid  reaction 


+  NH2 - V 


A 

V 


+  NH^ 


followed  by 


DIBEMZYL 
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The  products  leaving  the  flow  reactor  were  analyzed. 

Knowledge  of  the  composition  of  reactants  and  products,  and 
of  the  time  spent  In  the  reactor,  made  It  possible  to  calculate  the 
rate  of  the  reaction. 


2NH, 


A  value  for  the  activation  energy  of  the  reaction  was  deduced  from 
a  series  of  experiments  run  at  different  reactor  temperatures. 

Swarc  concluded  that  the  above  reaction  is  a  homogeneous, 
unlmolecular  gas  reaction,  the  rate  constant  being 


12 

4  *  10  exp 


.-60.000  ,  -1 
I - - ]  sec 


In  Szwarc's  experiment,  some  hydrazine  did  decompose  to  yield  ammonia, 
nitrogen  and  hydrogta.  Szwarc  (13)  found  that  packing  of  the  reaction 
vessel,  which  increased  the  surface  area  about  2^  times  caused  a  rough¬ 
ly  proportional  increase  In  the  hydrazine  decomposition  reaction.  From 
this  he  concluded  that  In  his  reactor,  the  overall  reaction  Is  "essentially 
a  surface  reaction. 

Szwarc  found  that  toluene  is  an  effective  scavenger  for  NH2 


radicals.  Therefore,  the  amount  cf  hydrazine  decomposed  into  NH.,  rad- 

tui-  I 

icals  must  be  directly  related  to  the  amount  of  dibenzyl  formed.  Since 
the  amount  of  dibenzyl  formed  was  independent  of  the  surface  area, 

Szwarc  concluded  that  N-N  found  bond  rupture  is  a  homogeneous,  gas  phase 
reaction. 

Gilbert  (20)  considered  Szwarc's  reactor  to  be  composed  of  an 
entrance  region  or  volume  of  no  reaction,  followed  by  a  practically 
Isothermal  reacting  region.  Gilbert  proceded  to  analyze  the  behavior 
of  first  and  second  order  reactions  in  such  a  non- isothermal  reactor. 
From  his  analysis,  Gilbert  concluded  that  Szwarc's  data  favor  a  second 
order  formation  of  NH^  radicals,  rather  than  a  first  order  formation. 

For  a  second  order  reaction,  l.e. 


X  +  2NH2  +  X 

Gilbert  (20)  calculated  the  rate  constant  to  be  approximately. 

.-19  .-60.000.  ,  . 

k  ■  10  exp  [ - rr — J  cc/mole-sec. 

Ki 

Cordes  (18)  used  what  was  essentially  an  isothermal  flow  re¬ 
actor  to  study  the  rate  of  decomposition  of  UDMH.  Cordes  passed  helium 
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gas,  free  of  oxygen,  through  a  saturator  containing  the  1,1  dimethyl-* 
hydrazine.  The  saturator  was  isneraed  in  a  constant  temperature  bath 
to  ensure  a  constant  rate  of  evaporation.  The  saturated  stream  was 
mixed  with  a  stream  of  pure  helium,  so  that  the  concentration  entering 
the  reactor  could  be  varied.  The  reactor  was  a  standard  pyrex  flow  re¬ 
actor  of  the  Isothermal  type.  The  temperature  of  the  reactor  was  con¬ 
trolled  manually  with  a  pair  of  heater  coils.  Cordes  measured  the 
temperature  profile  along  the  reactor,  and  found  it  to  vary  by  about  5 
degrees  K.  The  residence  time  in  the  reactor  was  found  by  dividing  the 
internal  volume  of  the  reactor  by  the  flow  rate.  The  negative  logarithm 
of  the  fraction  of  unreacted  material  was  then  divided  by  the  residence 
time  to  give  an  empirical  first  order  rate  constant. 

The  products  leaving  the  reactor  were  analyzed.  A  mass 
spectral  analysis  showed  the  presence  of  methane,  ethane  and  propane 
in  the  ratios  1/0.14/0.002.  An  infra-red  study  showed  the  presence 
of  ammonia  and  dlmethylamlne.  Methylene  methylamine  was  also  found. 
However,  the  main  products  were  methane  and  nitrogen  with  smaller 
amounts  of  hydrogen.  Cordes  found  the  ratio  of  nitrogen  to  methane  to 
be  0.59  j*  0.07.  Raleigh  (57)  mentioned  that,  based  on  chromatographic 
analysis.  Aerojet  had  found  the  following  decomposition  products  (mole 
per  mole  of  UDMH); 

H2  0.38 

0.67 

CH,  1.40 

4 

C.H,  0.09 

2  6 

HCN  0.43 

NH3  0.23 

/  CH^  *  0.48 
/  CH^  »  0.064 

What  is  especially  interesting  about  the  Aerojet  work  is  that  they 
found  large  quantities  of  HCN.  Cordes  (18)  had  concluded  that  HCN  was 
not  among  the  decomposition  products,  since  a  chemical  test  for  cyanide 
had  given  a  negative  result. 

Cordes  (18)  calculated  the  following  first  order  rate  constant 
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k  »  1(V^  exp  [-—]  sec  ^ 

0  »  7.83  +  0.21 
E  *=  28.68  +  0.68  kcal/inole°K 
The  limits  of  error  are  one  standard  dlviatlon. 

Cordes  packed  his  reactor  with  pyrex  rods.  The  packed  re- 

- 1  -  ^ 

actor  had  a  surface/volume  ratio  of  5.37  cm  as  compared  to  1.43  cm 
for  the  unpacked  reactor.  The  data  for  the  packed  reactor  gave  the  fol¬ 
lowing  results: 

7.45  +  2.6 

E  *  28.4  +  8.1  kcal/mole 

where  the  errors  listed  are  the  combined  contributions  of  the  standard 
deviations  at  the  individual  temperatures. 

Cordes  concluded  that  UDMH  decomposition  takes  place  in  the 

gas  phase. 

It  has  been  found  that  the  two  main  objections  to  the  classic 
isothermal  flow  reactors  is  a  non-uniform  radial  temperature  and  improper 
mixing  at  the  entrance  section.  An  improvement  in  uniformity  could  be 
achieved  if  the  mixing  and  heat  transfer  properties  of  the  fluid  in  the 
reactor  could  be  improved.  One  way  to  do  this  is  by  going  to  a  highly 
turbulent  stream.  Furthermore,  conditions  at  the  entrance  can  be  markedly 
improved  if  the  abrupt  entrance  section  of  the  classic  "pyroc  reactor" 
is  replaced  by  a  gently  diverging  conical  section.  Furthermore,  the 
heat  transfer  problem  could  be  eliminated  altogether  if  the  reactor  were 
made  adiabatic  rather  than  isothermal.  These  ideas  were  followed  in 
the  development  of  the  Princeton  adiabatic  flow  reactor. 


Surface  Reactions 


Generally  surface  reactions  have  a  much  lower  activation 
energy  than  do  homogeneous  reactions.  As  a  consequence  of  this,  re¬ 
action  is  often  more  rapid  at  the  surface  than  in  the  gas  phase.  The 
high  speed  of  many  surface  reactions  is  probably  due  to  adsorption  at 
the  surface,  which  is  a  low  activation  energy  process,  followed  by  a 
shift. of  the  electron  cloud  of  the  reacting  molecule  which  weakens  the 
bonds  between  its  atoms,  thus  facilitating  dissociation  of  the  reactant 


molecule,  or  attack  by  another  molecule. 

Of  course,  not  all  surfaces  are  equally  active,  and  it  is 
worthwhile  to  look  at  a  few  of  the  factors  which  play  a  role  in  the 
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activlty  of  surfaces  as  catalysts. 

In  the  following,  two  types  of  surfaces  wll].  be  considered, 
namely  metals  and  silica.  Metals  will  be  treated  first. 

Ebersteln  and  Glassman  (58)  correlated  the  empirical  obser¬ 
vations  made  on  metal  catalysis  of  hydrazine  decomposition  by  Wolfe 
(59) ,  and  suggested  a  mechanism  by  which  metal  surfaces  may  enhance 
hydrazine  decomposition.  Part  of  this  development  will  be  reproduced 
in  what  follows. 

Recall  che  electronic  and  molecular  structure  of  hydrazine 
discussed  earlier.  It  was  found  that  each  of  the  tT^o  nitrogen  atoms 
in  hydrazine  has  four  electron  clouds  which  are  qualitatively  similar. 
Of  these,  only  three  form  regular  bonds.  The  electron  pair  not  taken 
up  in  regular  bond  formation  may  form  association  bonds.  Such  associ- 
a'-.ion  bonds  may  be  either  with  the  hydrogen  atoms  of  other  hydrazine 
molecules,  or  with  atoms  of  a  different  substance,  such  as  a  metal. 
Association  of  hydrazine  molecules  with  each  other  to  form  double 
molecules  has  been  reported  by  Fresenius  and  Karweil  (27). 

With  the  above  discussion  in  mind,  look  at  some  elements 
whose  catalytic  activity  toward  hydrazine  is  known  from  experimental 
evidence. 

Wolfe  (59)  gives  the  following  metals  as  those  enhancing 
the  decomposition  of  hydrazine;  Copper,  chromium,  managanese,  nickel, 
iron.  Metals  which  do  not  enhance  decomposition  are;  Cadmium,  zinc, 
magnesium,  aluminum. 

A  look  at  the  electronic  structures  of  these  substances 
shows  that  the  non-catalysts  either  have  completely  empty  d- subshells, 
or  completely  filled  ones,  whereas  the  catalysts  have  incompletely 
filled  d-subsheils.  A  comparison  of  the  last  two  subshell ^  of  both 
catalysts  and  non- catalysts  is  shown  below 

Last  Two  Subshells 


Non  Catalvsts 

Catalvsts 

Zn 

<3^)10 

Cr 

Cd 

Mg 

<3s>' 

Mn 

Fe 

A1 

CM 

CO 

CO 

<3p)' 

Ni 

(3d>‘ 

Ft 

«d)’ 

Cu* 

. . . . . . 


It  is  known  that  d- orbitals,  if  they  are  not  completely  oc¬ 
cupied  by  unshared  electron  pairs,  play  an  in^jortant  part  in  bond  for¬ 
mation  (60),  and  it  is  generally  believed  that  with  metals  the  elec¬ 
tronic  configuration,  in  particular  of  the  d-band,  is  an  index  of  catalytic 
activity  (61).  In  this  theory  it  is  believed  that  in  the  ‘'adsorption" 
of  the  gas  on  the  metal  surface,  electrons  are  donated  by  the  gas  to  the 
d-band  of  the  metal,  thus  filling  up  the  fractional  deficiencies  or 
holes  in  the  d-band  (62). 

In  hydrazine  decomposition,  adsorption  is  followed  by  further 
surface  reactions  which  probably  involve  the  formation  and  interaction 
of  free  radicals. 


The  following  initiation  reaction  is  proposed: 


¥ 

H  -  N  ^ 

f  + 

H  -  N 

I 

H 


— >2 


.2NH2  +  2M 


Because  the  N-N  bond  is  weakened  in  the  adsorption  process,  the  activa¬ 
tion  energy  for  such  a  reaction  would  be  much  lower  than  the  60  kcal/mole 
measured  by  Szwarc  (13)  for  the  homogeneous  gas  phase  •ir.'tiation. 

For  inhibition  of  surface  adsorption  and  reaction  on  metals 
zhe  effectiveness  of  atoms  or  molecules  as  catalyst  poisons  will  de¬ 
pend  on  their  size,  and  the  strength  of  bonding  to  the  catalyst,  and 
will  therefore  depend  on  geometric  and  electronic  considerations  (62). 
Molecules  containing  elements  from  the  periodic  table  headed  by  sulphur 
and  phosphorus  were  found  to  act  as  catalyst  poisons,  if  the  potentially 
poisonous  substance  had  free  electron  pairs,  e.g. 


0:  s :  0 


H ;  p  ;  H 


Following  the  above  line  of  reasoning,  a  probable  poison  for 
heterogeneous  hydrazine  decomposition  would  be  ammonia: 


h:  n  :h 


i 


Ilp'f  I' 


i^viother  probable  poison  is  aniline 


—  n:h 


The  large  size  of  the  aniline  molecule  can  make  this  sub¬ 
stance  especially  effective,  since  relatively  few  aniline  molecules 
could  thus  deactivate  a  large  area  of  catalyst  surface. 

In  his  work  with  hydrazine,  Szwarc  (13)  concluded  that  heter¬ 
ogeneous  hydrazine  decomposition  on  a  silica  surface  does  not  Involve 
free  radicals.  Szwarc  reached  this  important  conclusion  from  the  fol¬ 
lowing  observation.  Though  an  Increase  in  surface  area  of  silica  did 
increase  the  overall  rate  of  decomposition  of  hydrazine,  the  rate  of 
formation  of  dibcnzyl  was  unaffected.  Insofar  as  practically  all  NH2, 
and  presumably  other,  radicals  react  with  the  toluene  carrier  to  pro¬ 
duce  dibenzyl,  the  above  observation  implies  thatno  free  radicals  are 
produced  on  the  silira  surface. 

For  heterogeneous  decomposition  of  hydrazine  on  a  silica 
surface,  Szwarc  (13)  proposes  the  reactions 


3N2H4 

2N2H4 


+  2NH3 


and  surface  mechanisms 


H.N  H, 

H  \  /h 
\  / 

h,nV/W, 


H,N 

. 

H  H 
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Kant  and  McMahon  (63)  studied  the  f’ertnal  decomposition  of 
hydrazine  in  a  pyrex  reaction  vessel  at  total  pressures  of  10mm  -  12mm 
of  mercury  and  at  temperatures  between  270C  and  330C.  Half-times  of 
decomposition  were  4  to  12  minutes.  Under  the  above  conditions,  sur¬ 
face  decomposition  of  hydrazine  is  likely  to  predominate  over  gas- 
pbase  decomposition.  The  authors  concluded  that  a  free  radical  mechanism 
was  inconsistent  with  their  experimental  results.  This  supports  Szwarc's 
(13)  assertion  that  the  decomposition  of  hydrazine  on  a  silica  surface 
does  not  proceed  by  a  free  radical  mechanism. 

In  view  of  the  above,  it  must  be  assumed  that  NH^  -  H  and 
H  -  H  bonds  are  formed  no  later  than  the  breakage  of  the  N  -  H  and 
N  -  N  bonds  shown  in  Szwarc’s  mechanism.  It  is,  however,  not  likely 
that  some  bonds  break,  and  others  form  at  the  same  instant.  It  is 
much  probable  that  weak  association  bonds  between  hydrazine  molecules 
form  first,  and  that  the  formation  of  association  bonds  is  followed  by 
rupture  of  the  bonds  of  the  hydrazine  molecule.  If  the  above  argument  is  ac¬ 
cepted,  then  the  absence  of  free  radicals  in  hydrazine  decomposition  on 
a  silica  surface  points  to  the  conclusion  that  the  first  step  in  the 
heterogeneous  decomposition  on  silica  involves  the  association  cf  hy¬ 
drazine  molecules  on  the  surface. 

Green  et  al  (64)  suggest  that  silica  could  chemisorb  hydro¬ 
gen  atoms  by  means  of  a  loose  bond  which  might  be  a  three- electron 
one: 


It  may  well 
of  the  silica  surface 
low 


be  that  hydrazine  molecules  associate  with  atoms 
and  with  each  other  in  a  way  like  that  shown  be- 


It 


u  sH, 


\  H 


N 


- I - i - 

H  H 
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In  cases  where  surface  reactions  are  undesirable,  it  may  be 
possible  to  inhibit  them,  by  treating  the  surface  with  a  substance  that 
associates  more  readily  with  the  surface  then  do  the  reactants. 

Thus  Baldwin  et  al,  (65),  (66),  have  studied  reactions  of 
hydrogen- oxygen ,  and  of  hydrogen  peroxide  in  boric  acid  coated  vessels. 
Though  the  boric  acid  does  not  completely  inactivate  the  surface, 

Baldwin  et  al  do  claim  a  significant  inhibition  effect  of  boric  acid 
on  the  surface  reaction.  These  findings  are  in  agreement  with  data 
of  Green  et  al  (64)  who  in  their  studies  of  hydrogen  atom  recombination 
on  silica  found  that  washing  the  surface  with  acid  lowers  its  activity. 

Boric  acid  cannot  be  used  with  hydrazine,  since  the  two 
would  probably  react  with  each  other.  However,  it  is  conceivable 
that  substances  like  hydrogen  of  ammonia  might  inhibit  the  surface 
without  appreciably  affecting  the  gas  phase  reaction. 

Since  it  is  likely  that  hydrazine  decomposition  on  silica 
involves  association  of  hydrazine  molecules  on  the  surface,  this  re¬ 
action  may  be  inhibited  by  compounds  tending  to  prevent  such  associa¬ 
tion.  It  is  conceivable  that  some  hydrocarbons  may  serve  this  purpose 
by  hydrogen  bonding  with  the  N  atoms  in  hydrazine.  In  connection 
with  this,  it  should  be  noted  that  the  energy  of  the  C-H* * *N  hydrogen 
bond  is  3.28  kcal/mole  as  compared  with  only  1.3  kcal/mols  for  the 

hydrogen  bond  (67).  Some  inhibitors,  such  as  butane,  hexane, 
and  heptane  (68)  may  work  by  the  above  mechanism.  However,  it  is  also 
possible  that  hydrocarbons  inhibit  gas  phase  decomposition. 

H,  The  Princeton  Adiabatic  Flow  Reactor 

It  was  seen  that  rate  data  for  hydrazine  are  available  in 
the  fast  rate  regime  of  shock  tubes  and  laminar  flames,  and  in  the 
slow  rate  regime  of  isothermal  bombs.  It  would  be  desirable  to  ob¬ 
tain  rate  data  in  an  intermediate  regime,  since  knowledge  of  rate  data 
over  as  great  a  temperature  span  as  possible  is  needed  to  really  draw 
conclusions  about  reaction  mechanisms.  The  Princeton  adiabatic  flow 
reactor  can  be  used  to  obtain  rate  data  in  the  intermediate  rate  regime. 
Also,  this  reactor  is  such  that  there  is  essentially  no  back  diffusion 
of  heat  or  active  species.  Thus,  results  obtained  in  the  adiabatic 
flow  reactor  can  be  compared  with  laminar  flame  results  to  determine 
whether  a  flame  of  a  particular  substance  is  best  described  by  the 
thermal  or  active  particle  theory  of  flame  propagation. 
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Since  no  radial  heat  transfer  is  desired,  radial  variations 
in  temperature  may  be  eliminated.  If  the  reactor  is  operated  in  the 
regime  of  turbulent  flow,  then  radial  velocity  profiles  will  also  be 
quite  flat.  Finally,  the  entrance  section  can  be  made  to  consist  of 
a  gently  diverging  nozzle,  thus  eliminating  the  non-uniform  flow  prob¬ 
lems  which  were  found  to  plague  Isothermal  reactors. 

It  may  be  argued  that  turbulent  flow  introduces  problems 
of  its  own.  However,  it  will  be  shown  that  turbulence  does. not 
significantly  affect  the  chemical  kinetics  measurements  in  the  reactor. 

The  adiabatic  flow  reactor  is  operated  as  follows: 

A  cool  stream  of  reactant  is  introduced  into  and  mixed 
rapidly  with  a  heated  inert  gas.  By  properly  adjusting  the  velocity 
of  the  carrier  gas,  reaction  may  be  made  to  commence  dovTistream  of 
the  injection  point,  and  go  to  completion  in  the  length  of  the  reactor. 
Only  small  quantities  of  reactant  are  introduced  compared  with  the  mass 
flow  of  carrier  gas.  Consequently,  the  change  in  total  concentration 
of  reactant  is  small,  and  the  increase  in  temperature  due  to  the  ex¬ 
othermic  reaction  is  also  small.  Since  the  zone  in  which  reaction  takes 
place  can  be  made  quite  long,  gradients  in  temperature  and  concentra¬ 
tion  are  very  slight.  Consequently,  heat  transfer  to  the  unreacted  gas, 
and  back-diffusion  of  active  species  are  negligible. 

The  rate  data  are  obtained  by  measuring  longitudinal  temper¬ 
ature  profiles.  Such  profiles  are  shown  in  Figures  4  and  5. 

Ideally,  each  element  of  fluid  is  adiabatic  and  microscopic¬ 
ally  homogeneous.  Thus,  the  temperature  rise  is  proportional  to  the 
amount  of  reactant  consumed,  i.e. 


T  -  T  =  __CL  (X  -  X  ) 
C 

P 

where  X  is  mole  fraction  of  reactant. 
Similarly 


T.  -  T  =  _2_  (X  -  Xj.) 

c 

p 

but  the  reaction  goes  to  completion,  and  Xj, 


and 


X  =  (T„  -  T) 

Q  ^ 

dx  *  dT 

dt  Q  dt 


=  0. 


Thus 
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For  a  first  order  reaction 

-  1  dx  »  1  dT 

X  dt  T„  -  T  dt 

F 

Taking  account  of  the  relationship  between  the  mole  fraction  and  the 
concentration,  Crocco,  Classman  and  Smith  (69)  developed  the  following 
expression  for  a  first  order  reaction 

k  =  -  ^  _dC_  =  (T  /  )  1  dT 

C  dt  ^  ^  Tp-T  dt 

The  discussion  pertaining  to  the  Princeton  adiabatic  flow  re¬ 
actor  consists  of  three  parts.  First,  the  effect  of  turbulence  on  the 
chemical  rate  measurements  is  considered.  Then  a  description  of  the 
experimental  apparatus  and  procedure  is  presented.  This  presentation 
is  followed  by  a  discussion  of  how  the  experimental  data  were  analysed. 
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CHAPTER  III. 


THE  EFFECT  OF  TURBULENCE  ON  CHEMICAL  KINETICS  MEASUREMENTS  IN  THE 
ADIABATIC  FLOW  REACTOR 


Ways  in  which  turbulence  can  affect  measurements  in  the  flow 
reactor  fall  into  three  categories: 

(1)  Enhancement  of  longitudinal  heat  and  mass  transfer  to  a 
point  where  the  "adiabatic  element"  assumption  no  longer  holds. 

(2)  Temperature  fluctuations  of  such  high  frequency  that 
the  steady-state  kinetics  assumption  does  not  apply. 

(3)  The  rate  at  the  mean  value  of  the  fluctuating  temperature, 
which  is  measured,  might  be  significantly  different  from  the  mean  of 

the  fluctuating  rate. 

To  study  the  importance  of  longitudinal  heat  transfer,  a 
one-dimensional  differential  element  of  the  flow  reactor  is  treated 
as  one  in  which  heat  diffusion,  convective  and  reactive  terms  are  in 
evidence  in  much  the  same  way  as  the  thermal  theory  of  flame  propagation 
was  treated  by  Zeldovich-Frank-Kamenetski-Semenov  except  that  the 
thermal  conductivity  is  replaced  by  an  eddy  conductivity.  The  resulting 
expression  which  is  obtained  is 


where 


dx 


m 


C 

P 


dx 


Q  is  the  rate  of  energy  release  per  unit  time 
ra  is  the  mass  flow  rate 

A  is  the  crossectional  area  of  the  reactor  tube 
X  is  the  axial  direction  of  flow 
£  is  the  turbulent  eddy  conductivity 

For  £, — ►O  there  is  no  heat  transfer,  and  the  element 

is  in  an  adiabatic  state.  Then,  the  temperature  gradient  is  an  adiabatic 
temperature  gradient,  and  one  may  write 


dx 


m  C 

P 


ad 
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The  overall  equation  then  becomes 


or 


dx 


ad 


dx 


£  A 
tnC^ 


£j. 

dx^ 


II 

dx 


ad 


II 

dx 


a  +  ^ 


where 


P 


£Ai2 


An  estimate  of  the  eddy  conductivity  in  the  three  inch  flow 
reactor  was  made  from  the  expression 


Nu  «  0.023  Re°*®  Pr^^^ 


For  an  actual  experimental  run,  the  following  values  were  calculated: 

=  86.5 

®  0.0133  cal/cm  sec  degC 

14.6  cm  ^ 

=  2.1  deg  C/cm 

■  0.15  deg  C/cm/cm 

-  0.57, 

An  experiment  with  a  very  steep  axial  temperature  gradient 
was  chosen  in  order  to  obtain  a  conservative  estimate  of  .  Thus 

it  is  seen  chat  the  Princeton  adiabatic  flow  reactor  is  not  troubled 
with  longitudinal  heat  transfer  problems. 

Since  temperature  and  concentration  gradients  in  the  reactor 
are  proportional  to  each  other,  an  argument  similar  to  that  made  for 
the  importance  of  longitudinal  heat  transfer  may  be  used  to  show  that 
longitudinal  mass  transfer  is  not  important. 

The  interaction  between  chemical  relaxation  and  turbulent 
fluctuations  is  more  difficult  to  determine.  It  has  been  treated  by 
Predvolltev  (70)  and  Corrsin  (71). 


Nu 

£ 

mC 

£A 


d^T 


dx 


Predvolitev  (70)  assumes  that  the  rate  of  the  chemical  process 
is  a  single  valued  and  explicit  function  of  the  components  of  the 
fluctuating  velocity  of  the  turbulent  stream.  He  concludes  by  stating 
that  the  problem  of  evaluating  a  measurable  rate  of  a  chemical  reaction 
under  turbulent  conditions  resolves  itself  into  determining  the  cor¬ 


relation  coefficient  of  the  turbulent  stream  and  the 


Jc  ,  <0  r 

^  ,  where 
of  t 


is  the  reaction  rate  corresponding  to  given  values  of  the  IK  and  i 
components  of  the  fluctuating  velocity  of  the  stream.  It  seems  that 
Predvolitev  merely  suggests  an  avenue  of  approach  to  the  study  of  the 
interaction  of  turbulence  and  chemical  reaction  rate  without  really 
offering  a  solution  to  the  problem. 

Corrsin  (71)  describes  the  nature  of  turbulence,  and  especially 
isotropic  turbulent  mixing  as  "the  problem  of  predicting  the  statistical 
properties  of  an  isotropic  scalar  fluctuation  field  which  is  randomly 
convected  (=  "stirred")  by  isotropic  turbulence  while  simultaneously 
being  smeared  out  by  molecular  diffusion." 

According  to  Hinze  (72)  turbulent  motion  "can  be  assumed  to 
consist  of  the  superposition  of  eddies  of  various  sizes  and  vorticities 
with  distinguishable  upper  and  lower  limits.  The  upper  size  limit  of 
the  eddies  is  determined  mainly  by  the  size  of  the  apparatus,  whereas 
the  lower  limit  is  determined  by  viscosity  effects  and  decreases  with 
increasing  velocity  of  the  average  flow,  other  conditions  remaining 
the  same.  Within  these  smallest  eddies  the  flow  is  no  longer  turbulent, 
but  viscous,  and  molecular  effects  are  dominant."  Batchelor  (73) 
states  that  the  energy  of  turbulent  motion  dies  away  effectively  to 
zero  long  before  length  scales  comparable  with  the  mean  free  path  are 
reached.  It  seems  reasonable  to  assume  that  the  only  ways  in  which 
the  chemical  kinetics  within  these  smallest  eddies  can  be  affected  are 
by  turbulent  pressure  fluctuations  in  the  fluid  and  by  molecular  dif¬ 
fusion  of  species  into  or  out  of  the  tiny  eddy.  If  the  "mean  free 
path"  of  the  eddy  is  sufficiently  small  so  that  the  eddy  does  not 
travel  into  regimes  whose  concentration  and  temperature  are  drastically 
different,  then  the  eddy  will  not  encounter  steep  gradients,  and  the 
rate  of  change  of  conditions  in  the  eddy  due  to  diffusion  effects  will 
be  slow.  For  flow  in  a  circular  pipe,  an  eddy  "mean  free  path"  is 
likely  to  be  less  than  the  pipe  diameter,  and  for  Reynold's  numbers  in 


the  experiment  (i.e.,  Re  10,000) 


0.2  D 


(74) 


for  D  =  3",  0.6'* 

The  reaction  in  the  reactor  is  spread  over  approximately  30."  Thus 
an  eddy  encounters  approximately  a  2%  change  in  concentration,  and 
approximately  a  two  degree  difference  in  temperature.  It  seems  safe 
to  say  that  gradients  are  sufficiently  shallow  so  that  diffusion  will 
not  cause  any  rapid  fluctuations  of  temperature  or  concentration  within 
an  eddy.  As  regards  pressure  fluctuations,  and  temperature  fluctuations 
due  to  compressibility,  Wight  (75)  has  shown  that  these  do  not  sig¬ 
nificantly  affect  the  chemical  kinetics. 

Laurence  (76)  studied  intensity,  scale,  and  spectra  of 
turbulence  in  the  mixing  region  of  a  free  subsonic  jet.  At  a  Reynold's 
number  as  high  as  300,000,  Laurence  (76)  found  a  sharp  drop  in  spectral 
density  of  the  turbulence  as  the  frequency  increased  above  1000  cps. 

This  results  in  a  characteristic  time  of  approximately  1  millisec.  If  . 
one  assumes  that  the  characteristic  frequency  of  oscillation  is  inversely 
proportional  to  the  viscous  damping,  i.e,,  directly  proportional  to 
Reynold's  number,  a  characteristic  time  of  30  millisec  is  obtained  for 
Re  10,000, 

Taking 


^  »  0.03  (74) 

X  ^  0.2D 


•’  characteristic  time  of  20  milliseconds  is  obtained.  At  1000°  K, 
the  time  required  to  reach  a  kinetic  steady  state  is  somewhat  less  than 
0.1  millisec.  The  time  required  for  the  free  radical  system  to  adjust 
to  a  temperature  change  of  a  few  degrees  is  likely  to  be  less. 

Thus  it  seems  safe  to  assume  that  steady  state  kinetics  do 
prevail  in  the  flow  reactor. 

The  temperature  probe  measures  an  average  temperature  of  the 
turbulent  eddies  which  flow  past  it.  Now,  is  the  reaction  rate  deduced 
from  this  average  temperature  the  same  as  the  average  rate?  The 
fluctuating  temperature  which  the  probe  sees  may  be  represented  as 
follows: 
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where 


_  IS  -fd)^  I 

T' 

T  =  T  f  T(i)  Jt 


By  definition,  the  mean  temperature  is  a  constant  independent 
of  time.  Thus  one  may  write 

J_  rr. 


J  dt-) 


'S.  T 

It  follows  that: 

^■f  (t)  it  =  0 


The  overall  rate  constant  k  may  be  written  in  terns  of  an  Arrhenius 
expression 
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and 


if  higher  order  terms  are  neglected. 


and 


For  the  case  where  f(t)  “  Sint 

2  f  t  Jt  =i 

a 


Now,  assume  the  temperature  fluctuation  to  be  107.  of  the  tota 
temperature  spread. 

Typical  operating  values  are 
spread  =  100  deg  K 

T  «  800  deg  K 

K(T)  =  100  sec"^ 

E  =30  kcal/mole 

Under  these  conditions 


E 

=  18.9; 

n  =  1 

RT 

80 
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=  18.9 

=  2.36  X  lO"^ 

RT 

80 

e2 

n 

=  5.56  X 

10“  2 

RT 


S  =  2.78  X  lo"^  =  2.87. 

for  X  =  0.236 
e^  =  1.266 

1  +  X  +  =*  1.259 

2 

If  all  the  integrals 

j  ^‘'a)l=l 

which  results  in  the  maximum  possible  deviation, 

r  *  2.787.  .1.266.  «  2.87. 

^max  ^1.259^ 

It  follows  that  under  normal  operating  conditions  of  the 
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flow  reactor,  differences  between  mean  rate  and  rate  at  mean  temperature 
are  small  and  may  be  neglected. 

It  might  be  noted  that  if  A  T  is  only  2  deg  as  was  estimated 
from  an  approximate  "eddy  mean  free  path,"  then  S  becomes  as  little 
as  0.2%. 

For  a  first  order  reaction,  there  is  no  effect  if  the  con- 

th 

centration  is  oscillated.  For  an  n  order  reaction,  the  following 


analysis  applies 


R  =  C 


where  R  is  the  rate  divided  by  the  Arrhenius  expression. 
Taking 


C  =  C  (1  +  g(c)) 


where 


-/  ^  ^  I 


J  f  =  0 


for  n  =  2  this  becomes 


y  =  R  (C)  -  R  (C) 

R(C) 


if  b^  is  as  large  as  107®,  y  is  still  only  17.  and  for  the 
expected  b^  of  27,,  y  =  0.047,  and  thus  the  effect  of  concentration 
oscillations  is  also  negligible. 

If  density  variations  are  neglected  for  the  moment,  a  heat 
balance  for  a  fluid  element  shows  the  following 


c  -  c 
o 


(T  -  T  ) 
o 


where 


is  concentration 


is  temperature 
is  chemical  heat  release 


Cp  is  heat  capacity  of  the  carrier  gas 
Differentiating  the  above  expression  yields: 


Since  the  reaction  goes  to  completion,  Cp  =  0  and 

C  =  ^  (T^  -  T) 

P 

i  _  1  ^ 

"  G  dt  ~  T,.  -  T  dt 

for  a  first  order  reaction. 

In  the  preceding  it  was  shown  that  there  is  no  significant 
smearing  out  of  the  temperature  profile  by  longitudinal  heat  transfer. 
This  means  that  the  quantity  deduced  from  the  experimental  data  really 
is 


It  was  further  shown  that  steady  state  kinetics  apply.  Thus  it 
seems  reasonable  that  the  overall  reaction  can  be  approximated  by  an 
Arrhenius  expression 

•  5  3?  =  k  (I)  -  A  exp  [-^i 

for  a  first  order  reaction. 

Finally,  it  vas  shown  that  the  rate  at  the  mean  temperature 
seen  by  the  thermocouple  is  the  same  as  the  mean  rate  in  the  turbulent 
field  seen  by  the  probe.  Thus  the  measured  temperature  is  appropriate 
for  use  in  the  Arrhenius  expression. 

It  may  be  concluded  that  the  turbulence  level  in  the  reactor 
is  such  that  the  chemical  kinetics  measurements  are  not  affecting  by 
the  existing  turbulence. 

In  what  follows,  a  description  of  the  experimental  apparatus 
will  be  presented. 
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CHAPTER  IV 

EXPERIMENTAL  APPARATUS  AND  PROCEDURE 


The  flow  reactor  used  in  the  experiments  is  a  modified  version 
of  that  used  by  Crocco,  Classman,  and  Smith  (69)  for  the  study  of  ethylene 
oxide  decomposition,  and  by  Swigart  (77)  in  his  study  of  the  hydrogen- 
oxygen  reaction. 

A  hot  carrier  gas  flows  through  a  quartz  duct  whose  walls  are 
heated  electrically  to  the  carrier  gas  temperature  to  prevent  heat  loss 
to  the  ambient  air.  The  reactor  consists  of  a  cylindrical  section,  the 
inside  diameter  of  which  may  be  varied  in  one  inch  steps  between  1  inch 
and  4  inches,  and  a  conical  section.  The  wide  part  of  the  cone  is  joined 
with  the  main  cylindrical  section,  whereas  the  narrov?  part  is  joined  with 
another  conical  section  to  form  a  nozzle.  At  the  throat  of  this  nozzle, 
small  quantities  of  gas  phase  reactant  are  injected  perpendicularly  to 
the  main  stream.  Since  the  gas  velocities  in  the  nozzle  are  quite  high, 
rapid  mixing  results.  The  mixing  is  followed  by  chemical  reaction.  When 
a  steady  state  has  been  reached  in  tie  reactor,  the  longitudinal  temperature 
profile  is  measured. 

The  discussion  of  the  apparatus  will  be  presented  in  five  sections. 
First,  time  at  which  reaction  starts,  mixing,  and  turbulence  effects  V7ill 
be  treated.  Tlien,  the  flow  reactor  and  its  carrier  gas  supply  will  be 
discussed  in  detail.  The  temperature  measurement  technique  v.>ill  be  pre¬ 
sented.  This  will  be  follov.'ed  by  a  discussion  of  the  gaseous  fuel  injection 
assembly  and  the  fuel  vaporization  system. 


A.  Start  of  Reaction.  Mixing,  and  Turbulence  Effects 

This  problem  may  be  considered  to  have  three  aspects,  namely, 
decomposition  in  the  fuel  supply  line,  decomposition  in  the  injectors, 
and  a  reaction  which  is  so  rapid  that  it  progres.ses  significantly  before 
mixing  with  the  carrier  gas  is  complete.  All  of  these  aspects  have  been 
investigated. 
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The  problem  of  decomposition  in  the  fuel  supply  line  was 
investigated  for  hydrazine-water  mixtures  containing  up  to  80%  hydrazine 
by  weight.  This  study  v;as  conducted  as  follows:  The  fuel  vapor  supply 
line  was  disconnected  from  the  injection  manifold,  and  instead  was  connected 
to  a  water  cooled  pyrex  condensing  coil.  The  fuel  vaporization  system 
was  then  operated  in  a  manner  identical  to  that  employed  in  the  kinetics 
experiments.  The  condensate  was  analysed  for  hydrazine  using  the  direct 
iodine  method  (78) .  The  behavior  of  hydrazine-water  mixtures  of  various 
strengths  was  studied.  These  mixtures  ranged  from  50%  hydrazine  to  807o 
hydrazine.  In  all  cases,  analysis  of  the  condensate  showed  hydrazine 
content  to  be  within  1%  of  that  in  the  initial  liquid.  It  should  be 
mentioned  that,  apart  from  the  safety  hazard,  the  above  type  experiments 
are  not  likely  to  he  very  fruitful  for  studying  anhydrous  hydrazine 
behavior.  Since  all  the  decomposition  products  of  hydrazine  are  gaseous, 
the  concentration  of  hydrazine  in  the  condensate  would  be  independent  of 
the  amount  of  hydrazine  decomposed. 

In  a  previous  study,  stainless  steel  injectors  and  a  stainless 
steel  flow  reactor  had  been  employed.  Under  these  conditions,  hydrazine 
reacted  in  the  fuel  injectors.  This  condition  was  obvious  from  the 
follov7ing  observations;  The  binder  in  the  glass  wool  packing  around 
the  injectors  smoked,  indicating  that  the  injectors  got  very  hot,  and 
no  temperature  profiles  characteristic  of  reaction  could  be  obtained  in 
the  flow  reactor,  and  indicated  that  the  hydrazine  was  consumed  before 
it  could  react  in  the  flow  reactor. 

In  the  present  all-.auartz  system  neither  of  these  difficulties 
was  encountered.  Therefore,  the  amount  of  decomposition  in  the  fuel 
injectors  must  have  been  negligibly  small.  If  there  vras  some  decomposition 
in  the  injectors,  then  the  reactor  temperature  traces  should  Le  sensitive 
to  the  amount  of  diluent  nitrogen  mixed  with  the  hydrazine  vapor  prior 
to  .njection.  However,  no  effect  was  observed  when  the  amount  of  diluent 
gas  was  varied. 


From  the  above  considerations  it  may  be  concluded  that  there  is 
no  decomposition  of  reactant  prior  to  injection  into  the  hot  carrier  gas. 


-61- 


A  consideration  of  the  processes  taking  place  in  the  mixing  region 
shows  the  following  ones  to  be  'mportant:  local  relaxation  of  temperature 
between  carrier  gas  and  reactant,  mixing  downstream  of  the  injection  point 
to  produce  uniform  radial  distributions  of  temperature  and  concentration, 
and  initial  buildup  of  free  radicals  to  "steady  state"  concentrations. 

The  slowest  step  in  local  temperature  relaxation  is  vibrational 
relaxation  of  the  reactant  molecule.  However,  this  is  likely  to  occur 
V7ithin  a  few  microseconds.  From  cold  gas  injection  traces,  the  mixing 
distance  was  estimated  to  be  approximately  3  inches,  which  corresponds 
to  about  0.5  milliseconds  under  normal  operating  conditions.  However, 
computations  on  reaction  mechanisms  showed  that  the.  time  necessary  to 
reach  a  chemical  steady  state  is  in  the  order  of  0.1  milliseconds. 

Thus  the  mixing  region  is  a  region  of  non-uniform  chemical 
reaction.  Furthermore,  the  steady  state  free  radical  concentration 
follows  an  Arrhenius  type  dependence  on  temperature.  As  a  result, 
the  reaction  rate  immediately  following  the  mixing  rc  gion  will  be 
higher  than  that  which  would  have  been  attained  if  mixing  had  been 
instantaneous. 

Hox^ever,  the  very  rapidif  of  free  radical  reactions  which 
made  it  impossible  for  mixing  to  be  completed  before  the  commencement  of 
chemical  reaction,  becomes  very  valuable  once  mixing  has  been  achieved, 
tince  the  chemical  system  very  rapidly  adjusts  to  a  given  temperature 
and  reactant  concentration,  the  reaction  rate  in  the  radially  uniform 
region  downstream  of  the  mixing  zone  will  be  a  function  only  of  temperature 
and  concentration,  and  not  of  previous  history. 

The  g=  ..crsil  turbulence  level  in  the  reactor,  and  the  effectiveness 
of  the  mixing  process  are  related  to  the  carrier  gas  flow  rate.  If  the 
mixing  process  is  very  critical,  or  if  turbulence  effects  have  an  important 
influence  on  chemical  reaction  rates,  then  varying  the  carrier  gas  flow 
rate  should  have  an  effect  on  the  rate  constants  obtained.  The  results 
of  these  experiments  are  shown  in  Figure  6.  No  effect  of  velocity 
variation  on  rate  constant  is  apparent.  From  analysis  of  the  effect  that 
turbulence  is  likely  to  have  on  chemical  reaction  rate,  given  earlier,  it 
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was  Indeed  concluded  that  under  conditions  encountered  in  the  flow  reactor 
the  effect  of  turbulent  fluctuation  should  be  very  small.  This 
experimental  obseirvation  also  agrees  with  the  conclusion  that  the  detailed 
nature  of  the  mixing  process  does  not  affect  chemical  reaction  rates 
measured  doxmstream  of  the  mixing  region. 

B.  Flow  Reactor  and  Carrier  Gas  System 

A  drawing  of  the  chemical  kinetic  flow  reactor  is  shown  in 
Figure  7,  and  a  photograph  of  the  apparatus  is  shoim  in  Figure  8.  Figure  9 
shows  the  quartz  reactor  removed  from  the  assembly. 

As  was  already  stated,  the  reactor  consists  of  a  cylindrical 
section,  the  inside  diameter  of  which  may  be  varied  in  one  inch  steps 
between  1  inch  and  A  inches,  and  a  conical  section.  The  wide  part  of  the 
cone  is  joined  with  the  main  cylindrical  section,  whereas  the  narrow 
part  is  joined  with  another  conical  section  to  form  a  nozzle.  The 
divergent  section  of  the  cone  has  a  half-angle  of  15  degrees,  this  being 
the  steepest  angle  for  which  there  is  no  separation  of  the  flow. 

The  quart::  reactor  is  surrounded  by  a  metal  sleeve  V7hich  is 
heated  electrically  to  a  mean  reactor  temperature  so  as  to  prevent  heat 
losses  to  the  ambient  air. 

Ceramic  beds  are  used  tr  .leat  the  carrier  gas.  Before  the 
experiment  is  performed,  these  beds  are  heated  by  oil  burners,  bringing 
the  ceram.ic  packing  to  1000°C  or  more.  During  the  heating  process,  the 
exhaust  gases  bypass  the  reactor.  Since  packed  beds  are  treated 
extensively  in  engineering  literature  no  further  discussion  of  them  will 
be  given  here.  Note  that  a  drawing  of  the  packed  beds  used  is  shovm  in 
Figure  7 . 

During  the  experiment,  carrier  gas  ij  passed  through  the  two 
beds  in  series.  Upon  leaving  the  second  bed  it  is  mixed  with  cold  carrier 
gas  so  that  the  temperature  level  may  be  properly  adjusted.  The  temperature 
of  the  carrier  gas  is  maintained  constant  by  a  servo  system  which  varies 
the  ratio  of  hot-to-cold  gas.  The  total  carrier  gas  flow  is  metered  by  a 
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critical  flow  orifice,  and  the  hot  and  cold  gas  valves  are  located  down¬ 
stream  of  this  orifice,  so  that  varying  the  ratio  of  cold  to  hot  gas 
does  not  change  the  total  flow  rate  of  carrier.  Figure  10  shows  a 
schematic  of  the  carrier  flow  system.  Figure  11  shows  a  schematic  of 
the  temperature  control  servo  system,  which  is  shown  in  a  photograph  in 
Figure  12. 

The  nitrogen,  which  was  used  as  a  carrier  gas  was  obtained 
from  a  2000  psi  bank  of  compressed  nitrogen  which  in  turn  was  filled 
from  a  liquid  nitrogen  storage  tank. 

Photographs  of  the  control  panels  for  the  apparatus  are  shown 
in  Figures  13  and  14. 


C.  Temperature  Measurement 

Longitudinal  temperature  profiles  in  the  duct  were  measured 
V7ith  a  silica  coated  Pt/Pt  -  13%  Rh  thermocouple.  The  output  from  the 
tuarmocouple  vas  fed  to  a  circuit  of  the  type  shovm  in  Figure  15.  The 
change  in  temperature  during  a  run  was  small  compared  to  the  mean 
temperature  of  the  run.  Thus,  maximum  accuracy  can  be  obtained  if  a  full 
scale  deflection  of  the  measuring  instrument  is  made  to  correspond  to  the 
change  of  temperature  during  a  run.  This  v?as  done  by  placing  a  bucking 
potentiometer  in  the  thermocouple  circuit.  As  a  result,  a  signal 
corresponding  to  a  differential  temperature  was  fed  to  the  Leeds  and 
Northrup  variable  range,  variable  aero  Speedomax  recording  potentiometer 
shovm  in  Figure  16. 

Prior  to  a  set  of  experimental  runs,  a  series  of  runs  v;ithout 
reactant  was  made  to  determine  the  carrier  gas  temperature  at  vvhich 
heat  exchange  v<rith  the  reactor  walls  is  minimized.  The  experimental 
runs  vjere  then  conducted  at  temperatures  close  to  this  minimum  heat 
transfer  temperature.  After  a  series  of  runs,  traces  v^ithout  reactant 
V7ere  again  made.  It  was  observed  that  initially  there  is  a  slight 
temperature  profile  of  smaller  extent,  but  same  shape  as  that  observed 
during  reaction.  From  this  observation  it  was  concluded  that  the  tube 
wall  tends  to  assume  the  temperature  of  the  gas. 
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The  temperature  probe  drive  assembly  is  shown  in  Figure  17. 
The  probe  is  held  by  a  trolley  which  rides  on  the  T-bar.  This  trolley 
is  pulled  by  a  cable  wound  around  a  dmm,  as  shovm  in  the  figure.  The 
microswitch  which  rides  on  the  cam  is  connected  to  a  marker  pen  on  the 
speedomax.  Ti.is  provides  a  record  of  the  motion  of  the  probe  on  the 
same  paper  which  the  temperature  t*:ace  is  taken.  The  second 
microswitch  shown  stops  the  drive  motor  when  the  probe  is  in  the  fully 
in  position.  A  similar  switch  is  provided  for  the  fully  out  position. 
The  probe  travels  a  total  distance  of  38.1  inches  in  62.5  seconds. 


The  thermocouple  is  made  of  0.0015  inch  Platium  and  Pt/13%  Rh 
wires.  Since  platium  surfaces  are  highly  catalytic  to  the  rate  of 
chemical  reactions,  the  thermocouple  probe  was  coated  with  silica.  The 
tip  of  the  probe  was  place  in  a  propane-air  flame  into  vjhich  small 
quantities  of  hexamethyldisiloxane  had  been  introduced.  Part  of  the 
propane  stream  v;as  bubbled  through  the  silicone  at  room  temperature, 
and  then  recombined  with  the  main  flow,  which  v;as  then  passed  through 
a  Meker  burner.  A  thin,  glassy  coating  of  silica  was  obtained  in  a 
few  minutes.  A  photograph  of  the  probe  coating  apparatus  and  a 
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learn  to  make  these  probes  in  a  few  days. 


A  skilled  teclmician  can 


Tv;o  problems  now  arise.  Does  the  experimenter  k.-ow  when  the 
silica  coating  breaks  off  or  cracks,  and  does  the  coating  significantly 
slo;;  dovm'  the  response  of  the  thermocouple.  Hydrazine  decomposition  on 
platinum  is  -so  rapid,  and  involves  so  much  heat  that  exposed  platinum 
v/ire  is  quickly  melted,  breaking  the  thermocouple.  Wien  the  thermocouple 
is  broken,  the  recording  pen  simply  goes  off  scale.  Thus  it  is  easy  to 
detect  the  breakage  or  flaking  off  of  the  silica  coating. 


Swigart  (77)  made  a  check  on  the  response  time  of  the 
thermocouple.  Passing  air  through  the  bed  and  injecting  cold  nitrogen 
through  the  injector  a  trav  rse  was  made  through  the  mixing  section. 

Then,  the  probe  was  stopped  at  approximately  \  inch  intervals  through  the 
mixing  section  and  steady  state  temperatures  recorded.  This  was  repeated 
with  a  coated  thermocouple.  Swigart  (77)  found  that  all  four  resulting 


traces  were  identical  within  experimental  error. 


D.  Gaseous  Fuel  Injection 

Vapor  phase  reactant  is  injected  perpendicular  to  the  carrier 
gas  stream  through  four  quartz  tubes.  Tlie  injector  assembly  is  shown  in 
Figure  19.  Cold  nitrogen  can  also  be  injected  through  these  injectors. 

A  schematic  of  the  fuel  vapor  and  diluent  nitrogen  system  is  shown  in 
Figure  20.  Both  the  flow  rate  of  diluent  nitrogen,  and  of  fuel  are 
metered  by  non-critical  orifices.  Pipe  taps  are  employed.  Tlie  pressure 
differences  across  the  orifices  vjere  measured  using  mercury  manometers. 

It  was  found  convenient  to  control  the  fuel  flow  indirectly. 

Tlie  metering  orifice  was  connected  to  the  source  of  fuel  vapor  through 
a  pneumatic  on-off  valve.  The  pressure  at  the  source  was  maintained 
constant.  In  this  case  it  is  clear  that  the  amount  of  fuel  flow  may 
be  regulated  by  regulating  the  pressure  dovmstream  of  the  orifice. 

This  pressure  depends  upon  the  amount  of  diluent  nitrogen  flow,  and  may  be 

varied  by  varying  the  flow  rate  of  the  diluent  nitrogen.  It  is  true 

that  such  an  arrangement  does  result  in  a  loss  of  flexibility,  i.e.  the 

fuel  flow  rate  cannot  be  varied  independently  of  the  diluent  nitrogen  flow 

rate.  Hoi/ever,  previous  experiments  have  shown  that  the  amount  of 

diluent  used  has  no  measurable  effect  on  the  reaction  rates  of  the  substances 

studied. 

It  is  also  possible  to  deduce  reactant  flovj  rates  from  the  mass 
flow  rate  of  carrier  gas,  and  the  ratio  of  reactant  flow  to  carrier  flo\7. 

This  ratio,  in  turn,  may  be  obtained  from  a  thermodynamic  calculation 
based  on  the  heat  of  reaction  of  propellant,  the  heat  capacity  of  the 
carrier  gas,  and  the  temperature  rise  of  the  gas  in  the  flow  reactor. 

Because  of  the  hazardous  nature  of  the  substances  studied,  the 
experiments  were  carried  out  remotely.  Also,  it  was  necessary  to  use  all 
Teflon  lines  for  the  vapor,  since  even  materials  which  ore  classed  as 
'compatible'  with  hydrazine  corroded  and  then  became  catalytic  to 
hydrazine  decomposition.  304  stainless  steel  is  an  example  of  such 


i 
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behavior.  When  a  304  stainless  steel  vapor  line,  in  which  a  hydrazine 
explosion  had  occurred,  was  examined,  the  color  of  the  Inside  surface 
was  green  and  dark  gray,  indicating  compounds  of  nickel  and  chromium, 
both  of  vzhich  are  catalysts  for  hydrazine  decomposition. 

The  substances  which  have  been  investigated,  namely  hydrazine, 
UDMH,  and  monomethyl-hydrazine  are  liquids  at  room  temperature  and 
pressure.  Thus  some  means  must  be  employed  to  prevent  condensation  in 
the  vapor  lines.  Hiis  was  accomplished  by  placing  an  annular  line  around 
the  vapor  line,  and  flowing  hot  oil  through  the  jacket. 

Because  of  the  hazardous  nature  of  the  hydrazine  family 
monopropellants,  great  care  was  taken  to  purge  the  vapor  lines  with 
nitrogen  before,  and  after,  a  series  of  experiments. 


E.  Vaporization  of  Propellants 

Since  the  substances  studied  are  liquids  at  room  temperature, 
whereas  vapor  is  desired,  it  is  necessary  to  provide  a  means  for  vaporizing 
the  propellants.  All  three  monopropellants  are  hazardous  to  handle. 

As  is  V7ell  kno\m,  hydrazine  vapor  is  expecially  explosive.  Thus,  a 
rather  elaborate  system  for  converting  the  liquids  into  gases  was  needed, 

A  schematic  of  this  system  is  shown  on  Figure  21.  Approximately  100  psi 
of  nitrogen  is  applied  to  the  propellant  in  the  liquid  tank.  This 
pressure  forces  the  liquid  propellant  through  3  spray  nozzles  which  impinge 
on  the  walls  of  an  evaporator  which,  in  turn,  is  immersed  in  a  hot  oil 
bath.  A  picture  of  the  evaporator  is  shown  in  Figure  22.  The  evaporator 
is  coated  with  Teflon  on  uhe  inside,  and  all  vapor  lines  are  made  of 
Teflon  because  of  the  extreme  sensitivity  of  hydrazine  vapor  to  catalysis 
by  metal  surfaces,  A  photo  of  the  evaporator  assembly  is  shown  in  Figure  2 
Note  the  protective  shield  around  the  evaporator  assembly.  This  shield 
was  necessary  to  protect  the  remaining  apparatus,  and  possibly  personnel, 
from  damage  caused  by  evaporator  explosions. 

The  pressure  in  the  evaporator  is  controlled  by  a  back  pressure 
regulator  placed  in  parallel  with  the  main  fuel  vapor  supply  line.  A 
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neopreme  diaphragm  fits  over  a  vapor  line  from  the  evaporator.  This 
diaphram  is  pressed  over  the  vapor  port  by  nitrogen  pressure  which  can 
be  regulated  to  any  desired  value.  If  the  gas  in  the  evaportor  exceeds 
the  regulator  pressure,  the  excess  gas  is  vented  until  the  pressure  again 
returns  to  the  desired  value.  This  control  is  quite  good  and,  except  at 
high  fuel  flow  rates  to  the  reactor  when  there  is  no  excess  fuel  vapor 
available,  it  is  possible  to  maintain  constant  pressure  in  the  evaporator. 
Tlie  neoprene  diaphragms  must  be  replaced  at  regular  intervals  since 
they  are  attacked  and  made  spongy  by  t.  hydrazine  vapor. 

The  evaporator  is  also  provided  with  a  burst  disc  and  with 
pneumatic  valves  which  can  be  used  to  vent  it  at  any  time.  The  vent  gas 
goes  into  a  water  aspirator. 

The  vaporization  system  is  purged  with  nitrogen  before,  aiid 
after,  a  series  of  runs. 

Tlie  heat  transfer  fluid  used  was  Pydraul  F-9,  manufactured  by 
Monsanto  Chemical  Company.  This  is  a  silicone-base,  fire-resistant  oil 
with  good  heat  transfer  and  vapor  pressure  characteristics.  The  oil  is 
heated  in  a  separate  vessel  with  electric  heaters,  and  tv/o  gear-pumps 
are  used  to  circulate  the  heated  oil  past  the  evaporator.  This  oil  is 
also  circulated  through  a  jacked  placed  around  the  propellant  vapor  lines, 
so  as  to  prevent  condensation  of  the  vapor. 


F.  Product  Gas  Sampling 

Chemical  samples  were  taken  near  the  exit  of  the  flow  reactor 
using  a  v7ater-cooled  probe.  A  drawing  of  the  probe  is  shown  on  Figure  24, 
and  a  photo  of  the  sampling  probe  is  shovm  in  Figure  25.  Samples  were 
drn\jn  into  1  liter  and  2  liter  glass  sampling  bulbs  which  had  previously 
been  flushed  v/ith  argon  and  evacuated.  The  time  required  to  fill  a  2 
liter  sampling  bulb  is  approximately  2  minutes.  It  should  be  noted  t^^at 
at  the  point  in  the  reactor  where  the  sample  is  taken,  all  rapid  reactions 
have  already  occurred.  Thus  quenching  is  not  as  critical  as  it  would 
be  if  a  sample  v/ere  taken,  say  in  the  middle  of  the  reaction  zone.  The 
time  required  to  cool  the  sample  gas  from  500°C  (773°K)  to  200°C  was 


estimated  to  be  1.4  milliseconds.  Time  of  reaction  in  the  flow  reactor  was 
30-60  milliseconds.  Thus,  the  quenching  capability  of  the  sampling  probe 
is  considered  to  be  adequate. 

Analysis  for  hydrogen,  methane,  and  higher  hydrocarbons  was 
performed  on  a  Beckman  GC-1  Gas  Chromatograph  using  primarily  a  Linde 
Molecular  Sieve  column.  Because  of  the  small  concentrations  present, 
it  V7as  not  convenient  to  use  chromatography  to  analyse  for  ammonia. 

Rather,  the  more  sensitive  technique  of  infra-red  absorption  was  used  in 
this  case.  A  10  cm  single  pass  absorption  cell  was  used.  A  photo  of 
the  cell  is  shown  in  Figure  .26.  The  infrared  analysis  was  carried  out 
using  a  Perkin  Elmer  model  21  spectrophotometer. 
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Chapter  V 

ANALYSIS  OF  EXPERIMENTAL  DATA 

A  formula  for  deducing  rate  constants  from  the  temperature  traces 
obtained  from  the  flow  reactor  was  first  developed  by  Crocco,  Classman, 
and  Smith  (1)  who  obtained  the  following  for  a  first  order  overall 
reaction: 

^  jt 

In  this  section  the  above  formula  will  be  derived  and  extended 
to  overall  reaction  orders  other  than  unity. 

This  derivation  will  be  followed  by  a  discussion  of  methods 
for  determining  the  appropriate  order  of  reaction.  Then,  a  discussion 
of  the  reproducibility  of  data  will  be  presented,  together  with 
consideration  of  the  principal  sources  of  error.  Plots  of  experimental 
data  will  then  be  shown,  and  a  method  for  integrating  out  the  "error 
noise"  will  be  discussed. 

A.  Derivation  of  Data  Reduction  Formulas 

Consider  a  crossectional  element  of  the  flow  reactor,  as 


shown  below 
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where 


V 

Ci 

Xi 

T 

n 

C  . 
pi 

Hi 


Is  velocity  of  the  gas  stream 

is  concentration  of  the  i*"^  specie 

th 

is  the  mole  fraction  of  the  i  specie 

is  the  temperature 

total  mole  flow  rate 
til 

heat  capacity  of  i  ‘  specie 

til 

chemical  enthalpy  of  i  specie 

th 

specific  enthalpy  of  i  specie 


In  this  analysis  it  is  assumed  that  heat  transfer  with  the 
reactor  walls  is  negligibly  small.  This  assumption  is  not  completely 
valid,  and  failure  to  satisfy  it  accounts  for  much  of  the  scatter  of 
data. 


In  what  follows,  the  flow  in  the  reactor  is  assumed  to  be 
truly  one-dimensional,  and  the  pressure  in  the  reactor  is  assumed  to  be 
constant  throughout  the  region  of  interest. 

The  validity  of  assuming  one-dimensionality  was  checked 
experimentally  by  measuring  radial  profiles  of  temperature  and  velocity. 

Such  profiles  are  shown  in  Figures  27  and  28,  and  are  seen  to  be  quite 
flat,  confirming  the  validity  of  the  one-dimensionality  assumption. 

The  validity  of  the  constant  pressure  assumption  may  be 
checked  by  treating  the  reaction  in  the  duct  as  Raleigh  heating.  It 
is  found  that  AP/P  is  approximately  0.037.  through  the  reaction  zone, 
and  the  pressure  may  safely  be  assumed  to  be  constant. 

It  is  further  assumed  that  there  is  no  longitudinal  transport 
of  mass  or  heat.  As  was  shown  in  the  section  an  turbulence,  the  error 
introduced  by  this  assumption  is  less  than  17.. 

Within  the  validity  of  the  assumptions  made  above,  a  crossectional 
element  of  fluid  is  isobaric,  adiabatic,  and  radially  homogeneous.  An 
energy  balance  for  such  an  element  of  fluid  is  shown  below. 

^  ^  t-  «  (>i  -f din  )  ^  (k  -fdk  ; .  +dx;) 

^  Z  X.  /r  -  (kt-dfi)  Z  Ik  X.  i-k.  dK.  +  X.  JA.) 
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The  mole  fraction  of  reactant  rarely  exceeds  2%.  Thus,  ^  2% 

and,  as  a  first  approximation,  it  is  possible  to  neglect  dh.  The  above 
equation  then  becomes 

^  (  k  Jx.  X.  Jk  )  =  0 


It  is  now  possible  to  split  h.  into  two  terms,  i.e.  h.  =  H.  +  C  . 

th  ^ 

(T  -  T^)  where  contains  the  chemical  enthalpy  of  the  i  specie.  is 

characteristic  of  the  particular  specie  only,  and  is  not  a  function  of 

T  or  X.  Thus,  dH.  =  o  for  conditions  in  the  reactor,  and: 

1 

j:,.  =  c..  jT^(T-T)jCp 

c  Pi  6  '  t 

Z  X;  4=  JT+  (T-i)JCp 

where  C  is  the  mean  heat  capacity  of  tee  gas  in  the  reactor. 

P 

Now,  ooiisluei  Lhree  species:  reac.,anc,  product,  and  carrier, 
having  subscripts  r,  p,  c  respectively.  Then 


2Z  M.  (jx.  =(H  -mHp)clx 

I  it  'f'  r  '  r 


Since  carrier  is  neither  generated  nor  consumed  dx  =  o. 

c 

where  m  is  the  stoichiometric  index. 


Also,  dx  =  -  m  dx 
P  r 


Thus 


21  H  <ix. 

i  ‘  " 


r 


Similarly 

Z  Cf,  (t-X)Jx,  =  (T-%)(Cp^-w  Cpp) 


=  (t-T)a  Cp  Jx, 
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It.  is  seen  that  the  quantity 

r  k 

i  ‘  ‘ 

is  simply  the  heat  released  by  decomposition  of  reactant  at  temperature  T. 
Thus,  the  above  term  may  be  re-wrltten  as  -  Q  dx^ 

The  energy  balance  equation  may  now  be  written  as  follows: 

_  Q  =  Cp  JTi-  (T-TjJ  Cp 


The  temperature  change  occurring  in  the  reactor  is  generally 
less  than  100  deg  K.  For  nitrogen  at  900  deg.  K,  for  a 

100  degree  temperature  change  is  approximately  2%.  The  concentrations 
of  reactants  and  products  are  so  small  that  the  effect  of  variations  in 
their  heat  capacity  is  second  order,  and  is  likely  to  be  less  than  the 
effect  of  variations  in  the  specific  heat  of  the  carrier  gas. 

Taking  T  to  be  1000  deg.  K  and  At  =  100  deg.  K 


:.Ol 


~  •  :z  0.00^ 

X  Cp 


It  is  seen  that  the  error  introduced  hy  assiu  "ng  constant  heat 
capacity  is  about  2%,  which  is  no  worse  than  errors  intr  duced  by 
I rcvious  assumptions. 

•iow,  a  simple  expression  for  the  change  of  reactant  mole  fraction 
as  £  function  of  temp*,  rature  is  obtained,  i.e. 
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The  concentration,  C  is  the  product  of  mole  fraction  and  molar 
density,  i.e. 


For  an  ideal  gas  at  constant  pressure 

w  P 
tN  =  ^ 

%  '  T 

No»,  4^  =  +. 


kL _ j*  JT 

C  ~  X  T 


follows 


Also 
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iX 

dt 


where 


is  distance  along  the  axis  of  the  reactor. 


Substituting  these  expressions  Into  the  rate  co-.itant  formula, 
the  following  is  obtained 


)?  =  -I  JC 


>1 


W1 


dt 


ST 


t,-t 


V' 

o 


.  I 

X  T^-T 


T,  “  I  TJ-T 


.  Vvi 


T 


JT 

U 


This  expression  was  used  to  deduce  rate  constants  from  the 
experimental  data. 


B.  Determination  of  Reaction  Order 

The  n*"'^  order  rate  constant, 


k  was  derived  to  be 
n 


VS 


n-// 


-) 


The  quantity  in  the  first  parenthesis  does  not  vary  much  during  a  run, 
and  may  be  approximated  os  constant  for  the  following  discussion.  Then, 
one  may  write: 


It 


n 


Jt 

IT 


It  is  clear  from  this  formula  that 


as  T  approaches  T„ 
F 


r 
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any  errors  In  the  temperature  measurement  are  magnified.  Thus,  It  was 
found  practical  to  discard  the  part  of  the  temperature  trace  where  -  T 
was  less  than  10  deg.  K. 

The  data  may  be  reduced  assuming  different  orders  of  reaction. 

If  the  standard  deviations  of  activation  energy,  or  preexponential  factor, 

th 

for  a  least  square  line  through  the  n  order  kinetics  data  are  then 
plotted  against  the  assumed  order,  the  resulting  curve  has  a  minimum. 

This  minimum  corresponds  to  the  overall  order  of  reaction  which  gives 
the  best  correlation  of  experimental  data.  However,  this  type  of  analysis 
can  be  somewhat  misleading.  Reference  to  the  formula  for  the  rate 
constant  shows  that  the  quantity 


T 

Tf-T 

th 

If.  raised  to  the  n  power,  where  n  is  the  order  of  reaction.  The  result 
of  this  operation  is  that  the  importance  of  errors  in  temperature  are 
magnified  for  higher  orders  and  suppressed  for  lower  ones.  Thus,  one 
would  expect  the  "true"  overall  order  of  the  reaction  to  be  somewhat 
greater  than  that  indicated  by  the  above  method. 

There  is  also  a  second  means  of  determining  the  order  of  reaction. 
It  is  possible  to  write: 

Rate  ftXp  (■" 

R.y  c’"’"  =  =  (a  /C”}  e«p  (-£/^j) 


where  n  is  the  "true"  order  of  reaction,  and  (n  +  m)  is  the  assumed  order. 
A  plot  of  In  (k^)  versus  1/T  will  give  a  straight  line.  However,  a  plot 
of  In  (k  )  versus  1/T  will  give  a  curve,  as  will  be  evident  from  the 
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following  analysis. 

If  logarithms  are  taken  of  both  sides  of  the  above  expression, 
the  following  results: 

However,  C  is  proportional  to  ^Tr  and  it  is  permiss:-ie  to  write 

f  c  =(t,-t)/bt  where  B  is  approximately  constant.  It  is  then  permissible 

r  * 

to  re-write  the  above  expression  as  follows: 

in. 

Taking  derivatives  of  both  sides: 

jfem  >11  Tf  jT  £  J  /  I  ) 

I'm  ■  T(1^-T)  R  I-  T  / 

and 

iilnin)  .  _  p,  T  _ E_ 

i(Wr)  ■  T^,-T  K 

If  m  is  positive,  i.e.  if  the  assumed  order  is  higher  than  the  true  order, 
then  the  absolute  value  of  the  slope  will  increase  as  T  approaches  T  ,  i.e. 
as  the  temperature  during  the  run  increases.  If,  on  the  other  hand,  m  is 
negative,  i.e.  the  assumed  order  is  lov7er  than  the  true  order,  then  the 
absolute  value  of  the  slope  will  decrease  as  the  temperature  during  a  run 
increases.  For  m=0  a  straight  line  results. 

From  the  expression  for  the  rate  constant,  i.e. 

(?«  B  .£L 

/  di 

it  may  be  seen  that  errors  in  temperature,  and  particularly  in  T_,  will 

F 

contribute  curvature  to  an  Arrhenins  plot  of  the  data.  If  the  measured 


Vwlue  of  T_  is  lower  than  the  true  adiabatic  value,  then  the  measured  rate 

r 

constants  at  higher  temperature  will  appear  to  be  too  high,  giving  an 
upward  curvature  to  the  Arrhenins  plot.  Similarly,  a  downward  curvature 
results  if  the  reasured  value  of  T_  is  too  high. 

r 

Insofar  as  errors  in  temperature,  and  particularly  in  Tj,,  are 
random,  curvature  due  to  such  errors  should  be  randomly  positive  or 
negative,  and  should  thus  average  out  if  the  assumed  order  corresponds 
to  the  true  order.  If,  however,  the  asstaned  order  differs  _rom  the  true 
order,  then  the  curvature  should  be  predominantly  in  one  direction. 

If  both  the  standard  deviation-assumed  order  plot,  and  the 
curvature  method  described  above  indicate  the  same  value  for  the  order 
of  reaction,  then  indeed,  a  reasonable  amount  of  faith  may  be  placed  in 
such  a  value. 

Plots  of  the  standard  deviation  of  the  activation  energy  versus 
assumed  order  for  hydrazine,  UDMH  and  monomethyl hydrazine  are  shown  in 
Fi3ures  29,  30,  and  31.  For  hydrazine  the  minimum  is  at  n  =  0.9,  for 
UEMH  it  is  at  n  =  0.75,  and  for  monomethylhydrazine  the  standard  deviation 
is  least  for  n  =  1. 

However,  curvature  analyses  of  individual  runs  showed  the  best 
order  for  all  three  substances  to  be  very  close  to  unity. 

The  best  order  predicted  by  the  two  analyses  is  probably  different 
because  the  least  square  approach  is  likely  to  indicate  a  reaction  order 
which  is  too  low.  However,  the  very  low  value  of  n  indicated  for .UDMH 
should  make  one  consider  the  possibility  that  the  overall  reaction  order 
might  be  less  than  unity. 

C.  Reproducibility  and  Plots  of  Experimental  Dai.a 

Reproducibility  of  data  was  reasonable,  considering  the  accuracy 
generally  obtainable  v/ith  chemical  kinetics  data.  However,  two  principal 
sources  of  error  may  be  distinguished,  namely  heat  transfer  to  the  reactor 
X'jalls,  and  fluctuations  of  fuel  flow  rate  during  a  run. 
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An  indication  of  the  reproducibility  of  hydrazine  data  is  given 
in  Figure  31.  The  two  runs  shown  were  taken  on  different  days  and  picked 
randomly  from  the  data  without  any  attempt  to  show  the  best  possible 
reproducibility.  Actually,  plots  of  all  data  show  the  reproducibility  of 
runs  to  often  be  much  better  than  is  shown  in  Figure  32.  The  "hump"  in 
the  data  for  run  752  is  probably  due  to  a  fuel  surge.  Reproducibility 
plots-  for  UDMH  and  monomethylhydrazine  are  shown  in  Figures  33  and  34. 

In  all  cases,  the  lines  drawn  are  the  least  square  lines  determined  by 
all  the  data. 

From  all  runs  it  was  concluded  that  the  error  in  experimental 
points  is  approximately  +  50%. 

Arrhenius  plots  for  the  three  substances  studied  are  shown 
in  Figures  35  for  hydrazine,  36,  37,  38,  39  for  N^H^/H^O  mixtures,  40,  41, 
42  for  UDMH,  and  43,  44  for  monomethylhydrazine. 

The  different  type  points  show  data  taken  on  different  days. 


D.  Integration  Analysis  of  Data 

If  the  scatter  in  the  kinetics  data  obtained  from  the  flow 
reactor  is  due  to  random  errors,  then  it  should  be  possible  to  integrate 
out  the  "signal"  from  the  "noise."  The  following  technique  was  employed. 
The  temperature  regime  in  which  data  had  been  obtained  was  divided  into 
N  equal  intervals  of  1/T.  In  each  of  these  intervals  an  average  value 
of  In  k  and  an  average  value  of  1/T  was  obtained  from  the  experimental 
points.  These  average  values  were  then  used  as  the  coordinates  of  a 
new  point.  If  an  infinite  number  of  experimental  points  were  available, 
the  intervals  could  be  made  infinitesmally  small,  and  a  resulting  curve 
could  be  completely  determined.  However,  only  a  little  over  200  points 
were  available.  N  was  chosen  to  be  20-30  giving  approximately  7-10 
"raw  data"  points  for  each  "reduced"  point.  The  results  of  this 
operation  on  data  for  hydrazine,  UDMH  and  monomethylhydrazine  taken  in 
the  3  inch  duct  are  shown  in  Figures  45,  46,  and  47.  The  lines  drawn 
are  least  square  lines  determined  from  the  original  data  points. 
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E.  Chemical  Analyaia  Oj:  Reaction  Products 

Chemical  samples  were  taken  near  the  exit  of  the  reactor  using 
the  water  cooled  probe  discussed  earlier.  The  samples  were  collected  in 
pyrex  vessels  which  were  stored  at  room  temperature,  and  later  analyzed 
for  hydrogen  and  methane  using  a  Beckman  GC-1  gas  chromatograph.  A 
molecular  sieve  column  was  used,  and  the  chromatograph  had  been  calibrated 
with  standard  samples  of  hydrogen  and  methane.  The  samples  were  also 
analy2seu  by  infrared  absorption.  A  10  cm  single  pass  absorption  cell 
with  Nad  windows  was  i:sed  in  conjunction  with  a  Perkin-Elmer  model  21 
spectrophotometer.  Infra-red  traces  of  the  gas  samples  are  shown  in 
Figures  A8,  49,  50.  The  infra-red  spectrum  of  the  hydrazine  decomposition 
products  is  identical  with  that  of  the  standard  ammonia  sample,  so 
only  the  ammonia  sample  trace  is  shown.  The  traces  for  the  decomposition 
products  of  UDMH  and  monomethylhydrazine  show  methane  and  HCN  in 
addition  to  ammonia.  It  appears  that  UDMH  yields  more  methane  and  less 
HCN  than  does  monomethylhydrazine. 

The  approximate  stoichiometry  for  the  decomposition  of  hydrazine 
and  its  methyl  derivatives  was  found  to  be: 


O.52H2  +  0.41  NH^  +  0.27CH^  +  0.08  HCN 

0.89H.,  +  0.51  NH_  +  0.20CH,  +  0.51  HCN 

2  3  4 

O.64H2  +  0.91  NH^  +  0.54  N^ 


908°K 

917°K 

983°K 


For  the  case  of  hydrazine  decomposition,  nitrogen  v;as  computed 
by  difference. 

For  the  decomposition  of  both  UDMH  and  m./nomethylhydrazine  a 
brown  tarry  deposit  was  formed  on  the  water  cooled  probe.  An  infra-red 
spectrum  of  this  tarry  deposit  in  acetone  solution  is  shown  in  Figure  51. 
Cordes  (18)  found  a  similar  deposit  when  he  decomposed  UDMH  in  a  flow 
reactor.  Cordes  (18)  concluded  that  this  tarry  deposit  was  a  polymer 
of  methylene  methyl  amine.  The  spectrxmi  in  Figure  51  does  not  contradict 
this  conclusion. 


CHAPTER  VI 


DISCUSSION  OF  EXPERIMENTAL  RESULTS 


Once  the  order  of  reaction  has  been  determined,  the  empirical 
correlation  of  data  may  be  presented  in  terms  of  an  Arrhenius  expression. 
The  next  problem  is  co  determine  the  range  of  applicability  of  the 
expressions  obtained.  It  has  two  aspects.  Firstly,  one  should  know 
under  what  conditions  it  is  permissible  to  approximate  a  complex 
reaction  mechanism  by  the  relatively  simple  Arrhenius  expression.  This 
problem  is  discussed  in  the  section  on  mechanisms.  Secondly,  it  is 
important  to  know  what  impurities  the  reactants  contain,  and  what  effect 
such  impurities  have  on  the  measured  reaction  rate.  Because  of  the  large 
quantities  of  reagents  used  in  the  experiments,  it  was  not  possible 
to  purify  th-'*  reagents  to  a  state  of  very  high  purity.  However,  chemical 
analyses  of  the  reagents  used  are  presented.  The  applicability  of  results 
obtained  in  this  study  to  reactants  of  very  high  purity  may  then  be 
tested  by  small  laboratory  scale  kinetics  experiments  performed  using 
both  reactants  of  the  type  used  in  this  study,  and  reactants  of  very 
high  purity. 


A.  Hydrazine  Decomposition 

Figure  53  shows  a  comparison  between  data  obtained  in  the  flow 
reactor  and  results  of  shock  tube  studies  by  Jost  (15) .  Though  the 
excellent  agreement  is  undoubtedly  fortuitous,  it  nonetheless  shows  that 
good  agreement  can  be  obtained  between  chemical  kinetics  data  taken  by 
different  investigators,  using  different  types  of  apparatus.  It  also 
shows  the  usefulness  of  the  adiabatic  flow  reactor  for  studying  reaction 
rates  which  are  too  slow  for  ordinary  shock  tubes  and  too  fast  for 
isothermal  bombs,  or  even  isothermal  flow  reactors. 

Tlie  activation  energy  for  hydrazine  decomposition  obtained  in 
the  flow  reactor  study  agrees  well  with  that  deduced  from  laminar  flame 
studies  by  Gray  and  Lee  (9)  who  obtained  36  kcal/mole,  but  does  not  agree 
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with  the  value  of  28  kcal/mole  obtained  from  flame  studies  by  Van  Tiggelen 
and  DeJaegere  (11) .  However,  the  latter  value  is  due  to  a  different 
interpretation  of  the  flame  data,  i.e.  Van  Tiggelen  and  DeJaegere  used  a 
maan  flame  temperature  in  their  Arrhenius  plot,  whereas  Gray  and  Lee 
used  the  final  temperature  (78) . 

From  the  chemical  kinetics  standpoint,  the  flow  reactor  may  be 
described  as  a  •'semi-dilute"  system.  For  vibrational  relaxation,  and 
most  free  radical  reactions,  collisions  with  the  nitrogen  carrier  gas 
are  so  ineffective  that  they  may  be  ignored.  Initiation  reactions  are 
the  one  important  exception.  It  has  been  found  that,  for  initiation 
reactions,  the  spread  of  third  body  effectiveness  is  relatively  small,  as 
contrasted  to  such  spread  for  a  process  like  vibrational  relaxation  (35). 

Thus  it  may  be  expected  that,  for  conditions  in  the  flow 
reactor,  the  initiation  reaction  for  hydrazine  decomposition  vrould 
behave  in  a  "pseudo  low  pressure  manner"  with  nitrogen  being  the  primary 
activating  body,  since  its  concentration  is  much  higher  than  that  of 
hydrazine.  If  one  assumes  a  third  body  effectiveness  of  0.2  for  the 
nitrogen  carrier  gas,  then  for  a  1%  hydrazine-nitrogen  mixture  the 
"effective  pressure"  for  the  initiation  reaction  would  be  160  mm  Hg. 

Gilbert  (33)  found  that  below  one  atmosphere  the  laminar 
flame  speed  was  independent  of  pressure,  v/hile  at  higher  pressures  it 
is  inversely  proportional  to  the  square  root  of  pressure,  indicating  an 
overall  first  order  reaction  at  higher  pressures.  This  may  be  interpreted 
as  follovjs.  At  lov;er  pressures,  initiation  reactions  are  proper  ft  onal 
to  the  number  of  collisions,  and  the  initiation  rate  is  given  by  the 
expression 

^  [“*2]  initiation  ' 

At  higher  pressures,  however,  collisions  are  sufficiently  frequent  to 
maintain  an  equilibrium  amount  of  excited  N2H^  ,  and  the  rate  of  the 
initiation  reaction  is  determined  by  the  unimolecular  rate  of 

•k 

decomposition  of  the  ,  hence  the  first  order  behavior  at  higher 

pressures. 
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However,  the  adiabatic  flow  reactor  studies  would  seem  to 
fall  in  the  low  pressure  regime,  160  mm  Hg,  and  indeed  they  do.  Only  in 
this  case  the  initiation  reaction  collisions  are  not 

but  rather  Thus  the  initiation  reaction  should  indeed  be  first 

order  with  respect  to  hydrazine,  as  was  indicated  by  the  experiments. 

The  above  analysis  also  suggests  that  the  initiation  reaction 
should  be  first  order  with  respect  to  nitrogen. 

Gas  samples  were  taken  near  the  exit  of  the  flow  reactor  using 
the  water  cooled  probe  discussed  previously.  These  samples  were  analyzed 
for  hydrogen  by  gas  chromatiography,  and  for  ammonia  by  infrared 
absorption.  The  stoichiometry  was  found  to  be  approximately 

- ^0.9  NH^  +  0.5  +  0.6 

2  4  3  2  2 

It  is  interesting  to  compare  the  above  with  stoichiometry 
observed  in  flame  studies.  Murray  and  Hall  (7)  measured  flame  speeds  in 
hydrazine  and  in  hydrazine-water  mixtures.  They  also  analyzed  the 
reaction  products  and  found  that  these  pointed  to  a  reaction 

N2H^ - 

V7hich  is  very  similar  to  the  stoichiometry  found  in  this  study. 

It  is  interesting  to  compare  the  above  results  with  the 
stoichiometry  given  by  equilibrium  calculations.  Sawyer  (79)  calculated 
the  equilibrium  stoichiometry  both  for  the  decomposition  of  pure  hydrazine, 
and  for  the  decomposition  of  dilute  hydrazine  nitrogen  mixtures  of  the 
kind  studied  in  the  flow  reactor.  For  both  cases  he  found  that,  abc^'e 
800  deg.  K  the  products  are  hydrogen  and  nitrogen  with  only  small  amounts 
of  ammonia. 

The  difference  between  the  equilibrium- -and  observed  stoichiometry 
is  to  be  explained  as  follows:  Fairly  large  quantities  of  ammonia  are 
formed  in  the  rapid  decomposition  of  hydrazine.  The  stoichiometry 
observed  in  this  case  is  determined  by  the  nature  of  the  re.-ction 
mechanism,  rather  than  by  equilibrium  considerations. 

i 
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The  composition  of  products  formed  In  the  rapid  reaction 
subsequently  adjusts  to  an  equilibrium  composition.  For  hydrazine 
decomposition,  such  adjustment  is  likely  to  be  very  slow.  The 
truth  of  this  statement  may  be  seen  from  the  following  considerations. 

Firstly  the  conversion  reaction  between  ammonia  and  hydrogen 
plus  nitrogen 

2  NH3  ^ 

is  knoim  to  be  generally  slow  in  either  direction.  It  is  certainly  slow 
compared  v;ith  the  rate  of  hydrazine  decomposition. 

Secondly,  the  time  required  to  cool  a  sample  of  product  gas  is 
only  a  tenth  of  the  reaction  time  allowed  for  hydrazine  decomposition, 
so  that  only  a  short  time  is  allowed  for  a  slow  reaction. 

Thirdly,  the  samples  are  stored  at  room  temperature  and 
atmospheric  pressure  in  pyrex  vessels.  Under  these  conditions  conversion 
of  ammonia  to  hydrogen  and  nitrogen  is  almost  certain  to  be  absent. 

Thus  it  may  be  concluded  that  the  stoichiometry  measured  in 
the  flow  reactor  experiments  does  indeed  correspond  to  that  determined 
by  the  reaction  mechanism. 

Application  of  the  stoichiometry  information  presented  above  to 
the  study  of  reaction  mechanisms  will  be  presented  in  the  section  on 
reaction  mechanisms. 

Since  purity  of  the  reactants  used  is  an  important  factor  for 
judging  areas  in  which  the  kinetiv.s  results  are  applicable,  a  study  of 
reactant  purity  was  made.  An  analysis  of  the  reagent,  conducted  by  the 
A.iC  Corporation  (57) ,  showed  the  following: 


Ammonia: 

8.3% 

Water: 

0.*:% 

Aniline: 

0.3% 

Hydrazine: 

90.9%  (by  difference) 

An  experiment  for  investigating  the  effect  that  small  amounts 
of  impurities  have  on  the  reaction  rate  has  already  been  suggested. 
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B.  Decomposition  of  Hydraaine-Water  Mixtures 

The  effect  of  adding  large  amounts  of  water  to  the  hydrazine  was 

studied.  It  was  found  that  the  rate  of  decomposition  of  hydrazine-water 

mixtures  was  slower  than  that  of  the  anhydrous  material  by  approximately 

a  factor  of  10,  and  was  independent  of  the  amount  of  water  added. 

Mixtures  studied  were  75%  N-H, /25%  H_0  and  50%  /50%  H.O.  Since  the 

2  4  2  2  4  2 

hydrate  is  69.5%  N2H^/31.5%  H^O,  the  mixtures  studied  lie  on  either 
side  of  the  hydrate. 

Arrhenius  plpts  of  rate  data  for  hydrazine-water  mixtures  are 
shoxim  in  Figures  36  and  37. 

It  was  also  found  that  slightly  wet  hydrazine  behaved  kinetically 
like  the  hydrazine-water  mixtures.  Rate  data  for  such  hydrazine  is 
shown  in  Figures  38  and  39.  It  is  seen  that  wet  hydrazine,  and 
hydrazine  water  mixtures  decompose  at  a  rate  which  appears  to  be 
independent  of  the  surface- to-volim.-*  ratio  of  the  reactor. 

An  analysis  of  th"  "wet*'  hydrazine  (57)  showed  the  following 
composition: 


Sample  I 

Sample  II 

Ammonia 

1.1% 

7.5% 

Water 

0.9% 

0.8% 

Aniline 

0.4% 

0.7% 

Hydrazine 

97.6% 

91.0% 

(There  did  not  appear  to  be  any  difrvirence  in  the  kinetic 
beh../ior  of  Samples  I  and  II) 

Apparently,  water  inhibits  the  gas  phase  decomposition  of 
h'"irazine  by  what  seems  like  a  very  efficient  suppression  of  some  reaction 
step.  It  is  interesting  to  speculate  how  such  inhibition  may  take  place. 

It  has  been  suggested  by  Ramsay  (14)  that  radicals  may 

be  stabilized  by  collision. 

Furthermore,  it  is  known  that  chemical  reaction  products  and 
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free  radicals  may  be  formed  in  vlbrationally  excited  states. 

Now,  consider  the  possibility  that  the  radical  is  formed 

in  a  vibrationally  excited  state,  from  which  it  can  either  branch  to 
give  NH  +  NH^,  i.e. 

”2^3* - ^  NH  +  NH^ 

or  be.  deactivated  to  a  relatively  stable  form  of  N2H2,  i.e. 

N2H3*  +  H2O - >-H20  +  N2H2 

The  inhibitive  effect  of  water  now  becomes  apparent,  namely 
to  vibrationally  relax  the  N2H2  radical,  and  thus  prevent  it  from  branching 
into  NH  +  NH2.  In  this  connection  it  should  be  noted  that  water  is 
generally  excellent  for  promoting  vibrational  relaxation.  Third  body 
efficiencies  of  100  times  greater  than  those  of  other  substances  have 
been  reported  for  water  (35).  Also,  some  of  the  vibration  frequencies  of 
the  water  molecule  are  very  close  to  some  vibration  frequencies  of  the 
N2H^  molecule  and  thus  the  N2H2  molecule.  Consequently,  a  possibility 
for  resonance  transfer  of  vibrational  energy  between  the  two  molecules 
exists. 

A  brief  discussion  of  experimental  observations  for  the  thermal 
decomposition  of  hydrazine  was  presented.  A  detailed  discussion  of  the 
decomposition  mechanism  will  be  presented  in  the  section  on  reaction 
mechanisms. 

C.  The  Decomposition  of  Unsymmetrical  Dimethyl  Hydrazine 

Unsymmetrical  Dimethyl  hydrazine  was  decomposed  in  the 
adiabatic  flov;  reactor.  The  carrier  gas  was  nitrogen,  and  the  duct 
material  was  quartz.  Decomposition  studies  were  conducted  in  a  2  inch 
duct,  a  3  inch  duct,  and  a  4  inch  duct.  Within  the  accuracy  of  the 
experimental  data  the  variation  of  surface  to  volume  ratio  had  no  effect 
on  the  observed  rate.  It  thus  seems  reasonable  to  conclude  that  UDMH 
decomposition  is  not  affected  by  the  reactor  walls,  and  is  a  truly 
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homogeneous  gas  phase  reaction.  This  conclusion  is  in  agreement  with 
that  reached  by  Cordes  (18)  in  a  similar  study. 

The  overall  reaction  order  was  found  to  be  approximately  unity, 
again  in  agreement  with  Cordes  (18) . 

Cordes  (18)  found  an  activation  energy  of  28  kcal/mole  for 
UDMH  decomposition  in  a  isothermal  flow  reactor.  Furthermore,  Spencer 
and  Gray  (49),  who  studied  UDMH  ignition,  also  report  an  activation 
energy  of  28  kcal/mole. 

Th  activation  energy  found  by  the  above  investigators  agrees 
with  that  found  in  the  Princeton  kinetics  studies.  However,  the  rates 
obtained  by  Cordes  (IS)  are  significantly  lower  than  those  obtained  in 
this  study.  It  is  conceivable  that  fluid  dynamic  effects  of  the  type 
discussed  by  Ba^-en  (19)  may  account  for  the  low  rates  observed  by  Cordes. 

The  stoichiometry  of  UDMH  decomposition  found  in  this  study 
was  approximately 

UDMH  - ^0.52  H^  +  0.41  NH^ 

+  0.27  CH,  +  0.08  HCN 
4 

It  is  interesting  to  compare  this  v/ith  the  stoichiometry 
found  by  Cordes  (18),  that  reported  by  Aerojet  (57),  and  that  calculated 
for  equilibrium  conditions  by  Sav/yer  (79)  . 

Cordes  (18)  reports  nitrogen  and  methane  to  be  the  primary 
decomposition  products,  with  smaller  quantities  of  higher  hydrocarbons. 
Cordes  reports  that  a  mass  spectral  analysis  of  a  decomposition  sample 
showed  the  presence  of  methane,  ethane  and  propane  in  the  ratios 
1/0,14/0.02.  The  infra-red  spectra  taken  in  the  Princeton  study  do 
indicate  small  amounts  of  ethane,  in  addition  to  appreciable  quantities 
of  methane  (see  Fig.  49).  Cordes  also  found  relatively  small  quantities 
of  hydrogen,  the  H^/CH^  ratio  being  approximately  0.1.  The  ratio  N2/CH^^ 
was  0.6.  Cordes  did  not  find  HCN,  but  did  observe  the  formation  of  a 
viscous  liquid  which  had  an  infrared  spectrum  identical  with  the  trimer 
of  methylene  methylamine. 
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Raleigh  (57)  reports  that  chromatographic  analysis  of  UIMI 
decomposition  products  carried  out  at  Aerojet  yielded  the  following 
stoichiometry 

UIMH  —►0.38  H.  +  0.67  +  1.4  CH,  +  0.09C.H, 

^  L  4  /  0 

+  0.43  HCN  +  0.23  NH^ 

The  N^/CH^  ratio  found  above  agrees  approximately  with  that  reported  by 
Cordes.  However,  the  Aerojet  studies  show  considerably  more  hydrogen, 
as  well  as  large  quantities  of  HCN,  not  observed  by  Cordes. 

The  Princeton  studies  show  only  small  quantities  of  HCN,  and 
far  less  methane  than  is  reported  by  either  Cordes  (18)  or  Raleigh  (57). 

Sawyer  (79)  calculated  the  equilibrium  decomposition 
products  of  UIMH  -  nitrogen  mixtures,  and  found  that,  in  the  temperature 
regime  investigated,  i.e.  750  -  1000  deg.  K,  the  decomposition  products 
were  hydrogen,  nitrogen,  and  carbon.  At  equilibrium,  HCN  and  ammonia 
are  present  only  in  trace  amounts. 

For  reasons  stated  earlier,  one  would  not  expect  an  equilibrium 
stoichiometry  for  a  rapid  chemical  reaction  of  the  type  studied. 

Rather,  one  would  expect  the  observed  stoichiometry  to  be  determined  by 
the  reaction  mechanism.  This  stoichiometry  is  also  a  function  of 
temperature,  and  one  would  not  expect  close  agreement  of  stoichiometry 
observed  under  different  conditions  of  temperature  and  pressure. 

(Cordes  chemical  analysis  was  conducted  at  5220K,  whereas  the  Princeton 
reaction  products  were  collected  at  approximately  950°K) . 

It  is  interesting  to  note  that  the  Princeton  samples  were 
taken  with  a  water  cooled  probe,  and  that  Cordes  observed  the  tarry 
deposit  near  the  exit  of  his  reactor.  It  is  quite  conceivable  that  the 
tarry  deposit  observed  by  both  investigators,  and  identified  by  Cordes 
as  a  polymer  of  methylene  methyl-amine,  results  from  a  polymerization 
reaction  between  methane  and  hydrogen  cyanide  in  a  relatively  cool  region 

One  may  visualize  the  reaction 

H  -  C  «  N  H  C  -  N  -  CH. 

I  /  l  i 

H  / 

VBj 

polymer 


▼ 


T 
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The  above  consideration  would  explain  why  so  little  methane  and 
HCN  was  observed  in  the  Princeton  study,  as  compared  with  the  stoichiometry 
reported  by  Raleigh. 


A  much  more  detailed  chemical  analysis  over  a  wide  temperature 
range  would  be  required  before  the  observed  stoichiometry  could  really 
be  used  to  determine  a  reaction  mechanism. 

A  chemical  analysis  of  the  UDMH  used  in  this  study  (57)  showed 
the  following  composition 


Ammonia: 

0.27. 

Dimethylamlne: 

0.27. 

Methylene  dimethyl  hydrazine: 

0.27. 

Water: 

0.17. 

It  is  seen  that  only  very  small  amounts  of  impurities  are 

present. 

The  reaction  mechanism  of  UDMH  decomposition  will  be  discussed 
in  a  later  section. 


D.  Decomposition  of  Monomethylhydrazine 

Monomethylhydrazine  was  decomposed  in  a  3  inch  duct  and  in  a 
4  inch  duct,  using  nitrogen  carrier  gas. 

The  decomposition  was  found  to  be  first  order  with  respect  to 
monomethylhydrazine,  the  overall  rate  constant  being 

k  «  10^^'^  exp  -47,000  /  RT 
for  decomposition  in  the  3  inch  duct. 

The  reaction  rates  observed  when  monomethylhydrazine  was 
decomposed  in  the  4  inch  duct  were  slightly  lower  than  those  observed  with 
the  3  inch  duct.  This  observation  may  be  interpreted  as  indicating  a 
surface  effect.  However,  more  4  inch  duct  decomposition  data  should  be 
obtained  before  much  faith  is  placed  in  the  above  deduction. 


-90- 


For  monomethylhydrazine,  the  following  gaseous  decomposition 
products  were  observed 

MMH  - ►  0.89  H-  +  0.51  NH,  +  0.20  CH, 

2  3  4 

+  0.51  HCN 

Note  that  more  hydrogen  and  considerably  more  HCN  is  formed  than  for  the 
case  of  UISiH  decomposition. 

An  analysis  of  the  monomethylhydrazine  used  showed  the 
following  (57) 

Ammonia  plus 

Methylamine  ;  0.5% 

Uim  :  0.1% 

N2H^  :  0.1% 

Water  :  2% 

Unidentified  ;  0.57o 

E.  Comparison  of  N,H^ ,  UDMH,  MMH 

Arrhenius  plots  for  reaction  rates  of  hydrazine,  UDMH  and 
monomethylhydrazine  are  shown  in  Figure  52. 

It  is  somewhat  surprising  that  the  reaction  rate  of  hydrazine, 
which  is  known  for  its  poor  chemical  stability,  is  the  slowest.  One 
interpretation  of  this  observation  is  that  the  particular  reactions  which 
promote  the  explosive  decomposition  of  hydrazine  vapor  cannot  take  place 
under  conditions  such  as  those  found  in  the  flow  reactor. 

Conditions  in  the  flow  reactor  are  such  that  surface  effects 
must  be  slight,  because  of  the  large  volume/surface  ratio  and  the  use 
of  quartz  as  a  wall  material.  Furthermore,  the  hydrazine  vapor  is  mixed 
with  large  quantities  of  the  nitrogen  carrier  gas. 

At  first  glance  it  seems  like  nitrogen  may  take  part  in  the 

reaction 

+  X - ^  N2H2  +  X 


I 
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and  thus  curtail  branching.  This  possibility  cannot  be  ruled  out  entirely. 
However,  the  third  body  effectiveness  of  N2  in  the  above  reaction  is 
likely  to  be  very  small,  in  which  case  the  importance  of  the  reaction 

N2H3*  +  N2 - ^  N2H3  +  N2 

is  likely  to  be  slight. 

Thus  it  is  not  unlikely  that  the  rate  of  homogeneous  gas 
phase  decomposition  of  hydrazine  is  indeed  relatively  slow,  and  that 
hydrazine  explosions  are  surface  initiated.  This  conclusion  is  confirmed 
by  the  strong  effect  which  most  surface  materials  have  on  the  decomposition 
of  hydrazine  vapor. 

A  detailed  discussion  of  the  decomposition  mechanisms  of 
hydrazine  and  its  two  methyl  derivatives  will  be  presented  in  the  section 
on  reaction  mechanisms. 
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CHAPTER  VII 

DECOMPOSITION  MECHANISMS 


The  reaction  mechanisms  of  related  species,  such  as  those  of 
hydrazine  and  its  methyl  derivatives,  may  be  discussed  together  as  a 
group,  analyzed  quantitatively,  and  finally  compared  again. 

An  alternate  approach  is  to  discuss  reaction  mechanisms  for 
the  individual  substances,  analyze  the  mechanisms,  and  then  make 
comparisons.  This  latter  method  has  the  advantage  that  no  a  priori 
similarities  are  assumed. 

In  the  subsequent  discussion,  the  second  approach  is  followed. 
Reaction  mechanisms  for  the  individual  species  arc  suggested  and  analyzed. 
Then  a  comparison  of  cecomposition  mechanisms  of  hydrazine,  UDMH  and 
monomethyl  hydrazine  is  presented. 

But  before  proceeding  to  a  discussion  of  specific  mechanisms 
it  seems  that  a  consideration  of  different  means  for  analyzing  reaction 
mechanisms  would  be  worthwhile. 

Perhaps  the  oldest  and  best  known  way  of  analyzing  complex 
reaction  mechanisms  makes  use  of  the  steady  state  approximation.  This 
approach  has  two  drawbacks.  Firstly,  it  tells  nothing  about  the  transient 
behavior  of  the  system,  and  secondly  the  equations  describing  a  complex 
reaction  mechanism  often  cannot  be  solved  even  after  the  steady  state 
approximation  is  made. 

A  more  sophisticated  approach  has  been  suggested  by  Wei  and 
Prater  (80)  who  developed  a  method  for  analyzing  reaction  systems  of 
molecular  species  which  have  the  characteristic  that  the  coupling  between 
each  pair  of  species  is  by  first  order  reactions  only.  Wei  and  Prater 
essentially  consider  a  series  of  coupled,  linear,  first  order  differential 
equations. 


Unfortunately,  the  equations  describing  the  reaction  mechanisms 
considered  for  the  decomposition  of  hydrazine  and  its  methyl  derivatives 
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are  non-linear,  so  that  it  is  not  possible  to  use  an  unmodified  Wei-Prater 
type  of  analysis. 

It  might,  however,  be  possible  to  consider  a  complex  reaction 
mechanism  in  terms  of  loops  and  links. 

Consider  the  following  simplified  reaction  scheme  for  hydrazine 
decomposition 


1. 

2. 

3. 

A. 

5. 

6. 


N2H4  +  X  - 

W  ^2' 

N  H  +  X  - 
2  3 


2NH2  +  X 
N2H3*+  NH3 
N2H3  +  X 


N.,H,  +  NH- 
2  4 

NH2  +  N2H3- 


•NH  +  NH, 


*NH  +  N  H 

•2  «2  I  «2 


It  is  now  possible  to  consider  reactions  2  and  3  as  a  loop,  LI 
and  reactions  4  and  5  as  a  loop,  L2.  The  reaction  mechanism  may  then  be 
visualized  in  the  following  geometrical  scheme. 
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Then,  the  ''speed”  of  a  loop  will  depend  upon  the  amount  of  free 
radicals  available  to  that  particular  loop,  and  thus  on  the  rates  at  which 
the  loop  gains  and  loses  free  radicals. 

It  is  conceivable  that  a  method  of  mathematical  analysis  based 
(•'  the  above  model  could  be  developed  for  the  treatment  of  complex 
r:;  ■ction  mechanisms. 

However,  the  approach  followed  in  this  study  was  thva  "brute 
fort.'"  one  of  numerical  computation.  On  one  hand,  the  primary  interest 
was  in  understanding  the  behavior  of  the  suggested  reaction  mechanisms 
as  rapidly  and  completely  as  possible,  on  the  other,  computing  equipment 
was  readily  rvailable. 

In  what  follows,  reaction  mechanisms  for  the  decomposition  of 
lydrazine  and  its  derivatives  are  suggested,  and  numerically  analysed. 

Tne  results  of  the  analysis  are  then  discussed  and  used  as  a  basis  for 
conclusions  about  the  reaction  mechanisms. 

The  numerical  methods  employed  are  discussed  in  the  appendices. 


A.  Hydrasine 

From  the  previous  discussion,  it  seems  reasonable  to  assume  that 
the  initiation  reaction  for  the  thermal  decomposition  of  hydrar.ine  is 

X  +  N„H,  - >  2NH_  +  X 

2  t*  2 

the  rate  constant  being 

,  ,«19  ,-60,000^  ,  , 

k  =  10  exp  (  — *= — )  cc/mole-sec 
RT 

Similarly,  the  reverse  reaction 
NH,.  +  NH^ - ^ 

mr.st  be  considered.  Py  analogy  v/ith  methyl  radical  recombination  (38), 
the  rate  constant  for  this  reaction  may  be  expected  to  be 

13 

k  10  cc/mole-sec 

The  question  of  likely  propagation  reactions  now  arises. 


-95- 


It  seems  reasonable  that  the  NH2  radicals  formed  by  the  initiation  reactions 
should  attack  hydrazine  molecules.  The  simple  exchange  reation 

N'H2  +  - >-NH2  +  ^2  ^'”2 

will  be  ignored,  as  it  does  not  contribute  to  the  decomposition. 

If,  however,  the  NH2  attacks  a  hydrogen  atom  in  hydrazine,  the 
following  reaction  is  likely 


(2)  N2H^  +  NH2 


N2H3  +  NH^ 


The  rate  constant  for  this  reaction  was  taken  to  be 


k„  =  10‘^  exp 


-7,000 

RT 


in  agreement  with  the  value  chosen  for  it  by  Gilbert  (21) 

Both  Gilbert  (21)  and  Adams  and  Stocks  (8)  suggest  the  reactions 

(3)  N2H2  +  X  - >  N2  +  H2  +  H  +  X 

(4)  H  +  N2H^  - ^  NH^  +  NH2 

The  rate  constant  for  the  reaction  3  was  taken  to  be 

,  _  ,^13  -20,000  ,  , 

k^  -  10  exp  — —  cc/mole-sec 

The  constant  for  reaction  4  was  measured  by  Birse  and  Melville  (81)  and 
found  to  be 

,  _  .„13  -7,000  ,  , 

k^  -  10  exp  —  cc/mole-sec 

Though  neither  Gilbert  (21)  nor  Adams  and  Stocks  (8)  include 
any  branching  reactions  in  their  mechanisms,  such  a  reaction  was  included 
in  the  mechanisms  studied  here.  The  reasons  for  this  are  as  follows: 
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1.  If  N2H2  can  decompose  in  the  complex  manner  of  reaction  3, 
it  should  also  be  able  to  decompose  by  simple  rupture  of  the  N  -  N  bond. 

2.  The  NH  radical  has  been  observed  in  flames  (12). 

3.  Without  branching,  the  overall  activation  energy  of  the 
reaction  computed  from  the  mechanism  was  found  to  be  too  high.  (An 
activation  energy  of  36  kcal/mole  was  observed  experimentally) 

At  first  glance,  the  third  reason  seems  in  error,  since  NH2 
formation  is  first  order  with  respect  to  hydrazine,  whereas  all  the 
termination  reactions  are  second  order.  These  are,  in  agreement  v;ith 
those  suggested  by  Gilbert  (21),  as  follows: 


(7)  NH2  +  - 

(8) 

O)  N2H3  +  H  - 


NH3  +  N2  +  H, 
2NH3  +  N2 


N,  +  2H2 


Also,  the  reverse  of  the  initiation  reaction,  i.e. 

(10)  NH^  +  NH2  - N2H^ 

Now,  consider  the  simplified  mechanism 


(1)  N2H^  +  X  • 

(2)  NH,  +  N2H^- 

(3)  NH2  +  N2H3 


NH3  +  N2H3 

NH,  +  N,  + 


dt  [N_H,]  =  k„  tNHj  [N_H,1 

2  3  2  2  2  4 


[NH,]  [N2H3] 


at  steady  state: 


(N2H3] 


dt  [NH2]  »  2k^  [N2H^]  [X] 


[N2H4]  [NH2] 


S  [NH2] 
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at  steady  state: 

2k^  INj^l 

substituting  for  [N2H2] 
2kj  iNjH^l 


[X]  =  [NH^l 


[NzH^] 


+  k„ 


If  the  overall  rate  is  directly  proportional  to  NH^ 
concentration,  as  is  reasonable  to  assume,  the  overall  activation  energy 
of  the  reaction  without  branching  should  be  53  kcal/mole.  For  the 
case  of  negligible  branching,  numerical  solution  of  the  complete 
mechanism  at  900°K  and  lOOO^K  gives  an  activation  energy  of  57.5  kcal/mole. 


The  rate  constants  for  the  termination  reactions  were  taken 
to  be  as  follovrs 


k^  =  10^^'^ 

cc/mole-sec 

12  3 

kg  = 

cc/mole-sec 

k^  =  10^^ 

cc/mole-sec 

\o-  w'' 

cc/mole-sec 

Certainly  the  values  of  k^,  k^,  and  k-^,  are  such  as  one  would 

/  o  iU 

normally  expect.  The  value  of  k^,  however,  dees  appear  to  be  somewhat 
high. 


The  following  branching  reaction  seems  to  be  reasonable: 

(5)  N2H2  +  X - ►  NH  +  NH^  +  X 

It  is  most  probable  that  the  NH  thus  formed  v?ill  react  with  hydrasine, 
which  is  the  most  abundant  specie.  Thus,  the  following  reaction  is 
postulated: 

(6)  N2H^  +  NH  - ►NH2  +  N2H2 

The  result  is  a  very  powerful  set  of  branch  reactions. 
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Since  decomposition  of  N2H2  by  reaction  5  appears  to  be  easier 
than  by  reaction  3,  the  activation  energy  was  taken  as  being  slightly 
less,  i.e.  18  kcal/mole. 


One  would  expect  atomic  hydrogen  to  be  more  active  than  NH. 
If  this  is  indeed  the  case,  then  the  activation  energy  for  reaction  6 
should  be  higher  than  for  reaction  4.  It  was  taken  as  10  kcal/mole. 

It  is  realized  that  NH  is  a  very  active  radical,  and  that 
the  above  assumption  may  be  invalid.  But,  since  all  NH  is  consumed  by 
reaction  6,  the  value  of  k^  does  not  affect  either  the  stoichiometry 
of  the  overall  reaction,  or  the  overall  rate. 

In  summary,  the  mechanism  is  as  follows: 


Initiation 


(1)  X  +  N^H^ - X  +  2NH2 


k 


1 


exp 


60,000 

RT 


Propagation 


(2)  N2H^  +  NH2- 


[3  +  X 

N2  +  H 

•«2  «4 

— >NH3  -h  1 

inl3 

-7,000 

=  10 

exp 

RT 

-20,000 

=  10 

exp 

RT 

cc/mole-sec 


•sec 


Branching 


(5)  N2H3  +  X  • 

(6)  N2H^  +  NH- 


-*•  NH  +  NH2  +  X 


->  NH2  +  N 

2«3 

I0I2.8 

exp 

-18,000 

RT 

10^^ 

exp 

-10,000 

RT 

Termination 


cc/mole-sec 

cc/mole-sec 


(7)  NH2  +  N2H2 


NH^  +  N2  ■»*  H2 
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(8)  N2H3  +  N2H3  - ►  2NH3  +  ^2 

(9)  N2H3  +  H  - ^  N2  +  2H2 

(10)  NH2  +  NH2  - >  N2H^ 

cc/mole-sec;  kg  ®  10^^*^;  kg  «  10^^;  k^g  *  10^^ 

The  above  mechanism  was  solved  numerically  on  a  7090 
electronic  computer.  The  differential  equations  describing  the  above 
mechanism  and  details  of  the  program  may  be  found  in  appendix  C. 

Since  reaction  rates  are  functions  of  the  independent  variables 
concentration  and  temperature,  it  was  felt  that  the  mechanism  should  be 
studied  at  different  temperatures,  keeping  concentration  constant,  and 
at  different  concentrations,  keeping  temperature  constant.  It  is 
realized  that  the  case  is  somewhat  hypothetical,  since  the  quantity 

which  is  kept  constant  in  physical  systems  usually  is  either  volume 

or  pressure,  rather  than  concentration.  However,  concentration  is  the 
more  fundamental  quantity,  and  was  therefore  used. 

The  usefulness  of  such  computation  is  three- fold.  Firstly, 
it  shows  up  the  transient  characteristics  of  the  reaction.  Secondly, 
a  detailed  study  of  a  reasonable  mechanism  can  bring  out  expected  modes 
of  behavior  for  the  reaction.  Such  predictions  can  suggest  critical 
experiments  to  verify  or  disprove  the  validity  of  the  postulated  reaction 
mechanism.  Once  a  reasonable  amount  of  faith  can  be  placed  in  the 
proposed  mechanism,  then  it  may  be  used  to  predict  behavior  of  the 
reaction  over  a  much  wider  range  of  temperature  and  concentration  than 
can  be  measured  experimentally. 

The  approach  followed  was  to  analyze  the  behavior  of  several 
reasonable  reaction  mechanisms  in  an  attempt  to,  on  one  hand,  make 
predictions  concerning  the  behavior  of  hydrazine  in  regimes  other  than 
that  covered  by  the  experimental  study,  and  on  the  other  hand,  show  up 
problem  areas  in  the  comparison  of  experiment  and  theory. 


The  mixture  chosen  for  initial  study  was  one  containing 
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10%  reactant,  and  90%  third  body.  The  concentration  was  taken  to  be  that 
of  an  ideal  gas  at  standard  conditions,  i.e.  1  atmosphere  pressure  and 
273  degrees  Kelvin.  This  was  kept  the  same  as  cases  at  different 
temperatures  were  considered.  In  a  physical  system  this  would  require 
the  pressure  to  be  different  at  different  temperatures. 

The  results  of  the  computation  for  isothermal  conditions  at 
1000°K  are  shown  in  Figures  58,  59,  and  60.  A  free  radical  steady  state 
is  reached  after  some  80  micro- seconds,  or  after  approximately  1.5% 
of  the  reactant  has  been  consumed.  After  the  reaction  is  about  80% 
complete,  the  rate  constant  begins  to  drop  sharply. 

Some  chemical  kinetics  experiments  are  performed  under  such 
conditions  that  only  a  very  small  percentage  of  the  reactant  is  consumed. 
Reference  to  Figures  59  and  60  shows  that  rates  measured  for  cases 
where  the  extent  of  re.jction  is  very  small  can  be  significantly  below 
the  "fully  developed"  rates. 

Reference  to  Figure  55  shows  that  assuming  constant  free 
radical  concentration  may  be  good  for  some  radicals  and  very  poor  for 
others.  Reference  to  Figure  55  also  indicates  that  the  steady  state 
assumption  is  not  permissible  at  the  beginning  of  the  reaction,  and  as 
the  reaction  goes  to  completion. 

An  examination  of  Figures  55  and  56  shows  up  essentially 
four  regimes.  First,  there  is  the  initial  build  up  of  free  radicals, 
and  of  the  rate  constant.  The  build  up  is  followed  by  a  short  plateau 
region,  which  is  the  region  in  which  the  steady  state  assumption  is 
valid.  This  "steady  state"  rate  constant  was  used  to  determine  the 
calculated  curve  in  Figure  58.  The  plateau  region  is  followed  by  a 
region  in  which  the  first  order  rate  constant  decreases  linearly.  In 
this  region,  an  empirical  rate  constant  of  order  greater  than  unity 
V70uld  be  deduced  experimentally.  The  final  region  shows  a  sharp  non-linear 
decrease  of  the  rate  constant  and  of  the  free  radical  concentrations. 

It  is  seen  from  the  above  that  the  reaction  order  which  would 
be  observed  empirically,  if  the  mechanism  is  correct,  does  not  necessarily 
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correspond  to  the  ’’steady  state”  reaction  order. 

Tliere  exist  two  ways  in  which  an  empirical  reaction  order  may 
be  deduced.  One  of  these  ways  is  to  measure  the  rate  after  a  certain 
fraction  of  reactant  is  consumed  for  a  series  of  experiments  in  which 
the  initial  reactant  concentration  is  varied.  The  other  way  is  to  let 
the  reaction  go  to  completion,  and  use  the  function  of  rate  and 
concentration  thus  obtained  to  determine  an  optimum  reaction  order. 

For  a  reaction  obeying  steady  state  kinetics  the  two  procedures 
would  give  identical  results.  If,  on  the  other  hand,  steady  state 
kinetics  are  not  followed,  then  the  two  procedures  can  conceivably  give 
different  results. 

At  this  time  it  might  be  worthwhile  to  consider  what  meaning 
can  be  attached  to  the  ’’overall  reaction  order”  for  a  reaction  obeying 
steady  state  kinetics. 

Consider  the  following  simplified  reaction  mechanism  for 
hydrazine  decomposition. 

(1)  +  X  - ►  2NH2  +  X 

(2)  NH2  +  +  NH^ 

(3a)  N2H2  - >■  NH  + 

(3b)  N_H,  +  NH  - NH^  +  N.,  H, 

24  2  2  3 

(4)  +  NH2 - >*3/2  +  5/2 

This  mechanism  may  be  further  simplified  by  combining 
reactions  3A  and  3B  into  a  single  reaction 

(3)  - >  2NH2  + 

A  steady  state  analysis  of  the  above  mechanism  gives  the 
following  expression  for  the  overall  reaction  rate: 

-  1  ■  "a  I’'!  + 

where  k^  =  2kj^  ;  k^  =  k^k„/k^ 


I 
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If  and  are  of  the  same  order  of  magnitude,  then  the 
reaction  will  be  second  order  at  high  hydrazine  concentrations,  and 
first  order  with  respect  to  hydrazine  at  low  concentrations  unless  X 
is  A  reaction  which  is  second  order  down  to  very  low  concentrations 

would  indicate  that  either  k^  k^  or  that  X  is  ^2!!^.  On  the  other 

hand,  a  reaction  which  is  first  order  up  to  very  high  concentrations, 
shows  that  X  is  not  N2H^,  and  that  k^»kg. 

If  this  simplified  mechanism  were  used  to  interpret  the 
experimentally  observed  reaction  order  of  unity,  one  would  conclude 
that  the  third  body  is  not  hydrazine,  and  that  most  of  the  free  radicals 
are  supplied  by  the  initiation  reaction,  rather  than  by  the  postulated 
branching  reactions. 

At  higher  hydrazine  concentrations  the  reaction  is  approximately 
first  order  with  respect  to  hydrazine,  whereas  the  overall  order  exceeds 
unity  at  low  hydrazine  concentrations. 

If  the  initial  build-up  phase  is  ignored,  it  is  found  that 
the  overall  first  order  rate  constant  is  a  function  only  of  temperature 
and  concentration,  and  is  independent  of  initial  reactant  concentration. 
Thus  it  does  not  matter  whether  the  rate  constant^ is  determined  by- 
varying  initial  reactant  concentration  and  measuring  the  rate  after  a 
certain  fraction  of  reaction  is  completed,  or  whether  rate  as  a  function 
of  concentration  is  determined  by  measuring  a  series  of  rates  at 
different  concentrations  as  a  reaction  is  allowed  to  go  to  completion. 

The  first  order  overall  rate  constant  is  plotted  against  hydrazine 
concentration  in  Figure  59. 

The  overall  rate  was  found  to  be  first  order  with  respect  to 
third  body  concentration  as  may  be  seen  from  Figure  60. 

It  is  conceivable  that  the  branching  reaction  is  a  result  of 
the  simple  unimolecular  decomposition 

N2H2 - NH  +  NH2 

rather  than 


N2H2  +  X  ->NH  +  NH2  +  X 
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The  only  effect  of  eliminating  the  third  body  from  the 
decomposition  of  the  N2H2  radical  would  be  to  change  the  effect  of  third 
body  concentration  on  the  overall  rate.  It  may  be  seen  from  Figure  60 
that  the  overall  reaction  rate  is  still  first  order  with  respect  to 
third  body  concentration,  but  that  the  proportionality  constant  is  now 
much  less.  Such  behavior  would,  indeed,  be  expected. 

The  overall  rate  was  found  to  be  more  sensitive  to  variations 
in  the  branching  rate  constants  than  to  variations  in  the  initiation 
rate  constants,  as  may  be  seen  in  Figure  61,  V7ithout  branching,  the 
overall  reaction  rate  was  found  to  be  too  low,  and  the  activation 
energy  too  high.  (For  negligible  branching,  numerical  solution  of  the 
complete  mechanism  at  900°K  and  1000°K  gives  an  activation  energy  of 
57.5  kcal/mole).  By  considering  the  simplified  mechanism 


(1) 

N2H4  +  X  — 

— ►2NH2 

(2) 

N2«4 

(3) 

+  NH^— 

NH^  +  N,  + 

it  was  shown  that,  in  the  absence  of  branching,  one  vjould  expect  a  high 
activation  energy. 

One  may  plot  the  logarithm  of  the  computed  rate  constant  against 
and  compare  the  resulting  curve  with  those  obtained  experimentally. 

This  is  done  in  Figure  58.  Agreement  between  the  calculated 
rate  constants  and  experimental  values  obtained  in  this  study  and  in  a 
shock  tube  study  conducted  by  Jost  (15)  is  seen  to  be  good.  The 
calculated  values  do  fall  significantly  below  those  obtained  in  an 
isothermal  bomb  experiment  conducted  by  Thomas  (16).  However,  reference 
to  Thomas's  experiment  suggests  that  his  reaction  w&s  wall-catalyzed. 

Such  an  interpretation  accounts  for  the  high  rate  constants  and  low 
activation  energy  found  by  Thomas. 

The  stoichiometry  of  the  reaction,  as  computed  from  the  mechanism, 
is  shown  in  the  table  below.  The  decomposition  products  shown  are  for 
one  mole  of  hydrazine. 
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Temperature 

Ammonia 

Nitrogen 

Hydrogen 

1600  deg.  K 

0.915 

0.545 

0.59 

1400 

0.905 

0.545 

0.646 

1200 

0.87 

0.56 

0.68 

1100 

0.87 

0.56 

0.68 

1000 

0.895 

0.545 

0.655 

The  measured  stoichiometry,  at  983°K,  was 

N_H, - >  0.64H-  +  0.91NH,  +  0.54N- 

2  4  2  3  2 

The  agreement  between  the  calculated  and  measured  stoichiometry . 
is  seen  to  be  remarkably  good.  Also,  the  insensitivity  of  the  calculated 
stoichiometry  to  variations  in  temperature  indicates  that  there  is 
little  uncertainty  introduced  into  the  measured  stoichiometry  by  the  fact 
that  the  reactor  is  adiabatic  rather  than  isothermal. 

Thus  it  is  seen  that  the  postulated  mechanism  is  in  good 
agreement  with  both  the  measured  stoichiometry  and  the  measured  reaction 
rate  data. 


However,  this  mechanism  does  not  explain  the  effect  that  water 
has  on  hydrazine  decompostion.  The  observation  that  small  quantities  of 
water  can  considerably  depress  the  gas  phase  decomposition  rate  and  that 
adding  relatively  large  quantities  of  water  has  no  additional  effect  on 
the  rate  indicates  that  the  water  very  effectively  suppresses  some 
essential  reaction  step. 

It  has  been  suggested  by  Ramsay  (14)  that  the  N„H.,  radical  is 
formed  in  an  excited  state,  N2H2  which  may  either  branch  to  give  NH  +  NH^, 

N2H3* - >  NH  +  NH2 
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or  be  deactivated  to  a  relatively  stable  form  of  i.e. 


+  X 


N2H3  +  X 


This  deactivated  N2H2  can  no  longer  branch  into  NH  +  NH2,  but  can  partake 
in  termination  reactions.  As  was  discussed  previously,  water  would  be 
excellent  for  promoting  the  relaxation  of  N2H^. 

On  the  basis  of  the  above  considerations,  a  modified  mechanism 
f  for  hydrazine  decomposition  was  suggested.  The  following  modifications 

’  were  introduced: 


(2) 

N2H4  +  NH2  - 

NH3  +  N2H. 

* 

(3) 

N2H2  +  X  - 

N2  +  H2  + 

•k 

(5) 

N2H3 

NH  +  NH2 

(6) 

N-H,  +  NH  - - 

2  4 

-> 

NH-  +  N,H, 

*  * 

(8) 

N2H3  +N2H3— 

2NH3  +  N2 

(11) 

N2H3*  +  X  — 

N2H3  +  X 

The  predicted  overall  rate  of  the  mechanism  can  be  made  to 

6  5 

agree  with  that  observed  experimentally  if  is  set  equal  to  10^* 
cc/mole-sec.  This  corresponds  to  a  third  body  effectiveness  for 
relaxation  of  approximately  10  or  rather  that  ratio  of  branching/ 

deactivation  probabilities  is 


or 


b/d  * 


10  exp 


-18,000 

RT 


10 


6.5 


[X] 


1.9  -18.000 

10  exp _ RT _ mole/cc 

[X] 


It  is  believed  that  the  above  mechanism  for  hydrazine 
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decomposition  may  explain  why  the  hydrazine  decomposition  rate  is 
relatively  low  under  conditions  in  the  flow  reactor,  in  spite  of  the  great 
tendency  of  pure  hydrazine  vapor  to  explode. 

* 

The  N2H2  may  leave  the  reaction  mechanism  by  two  termination 
reactions,  i.e. 


^2^3  ^2^ 

* 

VT  tl  ^  V 

- ►  2  +  N, 

^2^3  ^  ^ 

'  —  ^  +  X 

At  high  temperatures  the  concentration  of  N2H2  is  so  high 
that  the  second  order  termination  reaction  dominates.  At  low  temperatures, 
however,  the  first  order  termination  reaction  is  the  most  important,  and 
the  reaction  rate  can  be  seriously  affected  by  varying  the  effectiveness 
of  the  reaction 

N^H^*  +  X - >■  +  X 

Thus  the  rate  at  800  degrees  Kelvin  can  be  made  to  increase 
more  than  a  hundred-fold  by  letting  the  rate  constant  of  the  above 
reaction  go  to  zero. 

This  modified  mechanism  is  being  further  investigated. 

Two  mechanisms  for  the  decomposition  of  hydrazine  have  been 
investigated.  Good  agreement  with  experimental  observations  has  been 
shovm.  This  is  a  significant  advance  over  previous  investigations  where 
only  a  vague  compatibility  of  suggested  mechanisms  vzith  experimental 
data  has  been  indicated. 

There  are  two  areas  in  which  further  research  on  hydrazine 
decomposition  would  be  useful.  One  of  these  is  the  study  of  hydrazine 
decomposition  rates  at  temperatures  below  800  degrees  Kelvin  with,  and 
without  additives.  A  truly  major  contribution  to  understanding  the 
reaction  mechanism  could  be  made  by  studying  the  transient  build  up, 
and  disappearance  of  free  radicals,  and  the  effect  of  additives  on  this 
behavior. 

Mechanisms  for  the  decomposition  of  the  two  methyl-derivatives 
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of  hydrazine  are  far  more  complex,  and  cannot  really  be  established  with 
much  reliability  from  the  available  data.  However,  such  mechanisms  have 
been  postulated,  and  will  be  briefly  discussed  in  what  follows. 


B.  Unsymmetrical  Dimethylhydrazine 

Unfortunately  a  mechanism  for  UDMH  decomposition  must  be  more 
complex  than  those  proposed  for  hydrazine. 

It  appears  that  the  best  approach  is  to  study  one  or  several 
simplified  mechanisms. 

The  decomposition  of  unsymmetrical  dimethylhydrazine  may  be 
imagined  to  proceed  in  a  manner  described  by  the  £ollov7ing  overall 
reactions: 


I. 

UDMH  - 

- *•  N  -b  2CH 

II. 

UDMH  - 

- ►  NH^  +  H^c 

=  N  -  CH 

III. 

UDMH  - 

- >  H^C  -  N  - 

CH^  +  ^N, 

H 

IV. 

2CH,  - 

4 

- ►  C,H^  +  H. 

V.  ’’DMH  - >  2HC  N  + 


In  what  follows,  a  simplified  reaction  mechanism  for  the 
decomposition  of  unsymmetrical  dimethylhydrazine  is  suggested. 

The  following  initiation  reaction  is  proposed: 

(1)  UDMH  +  X  - >  R1  +  NH^ 

,  ,„22  -72,000  ,  , 

=  10  exp  — —  cc/mole-sec 

R1  is  H^C  -  N  -  CH^ 

The  nitrogen  of  R1  is  deficient  in  electrons.  However,  it 
may  attract  some  carbon  electrons  to  form  a  double,  and  eventually  triple 
bond  vjith  the  carbon.  The  result  is  the  unstable  compound 


H^C  5  N  -  CH^ 


i 


t 
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The  singly  bound  CH^  group  can  break  off  easily  enough  to  give 

H^C  -  N  +  CH^ 

The  H^CN  can  break  up  into  H2  +  HCN. 

The  overall  reaction  is 


H^C  -  N 


CH, 


+  HCN  +  CH^ 


The  reaction  is  endothermic  by  approximately  3.4  kcal/mole. 
value  is  used  for  the  activation  energy,  one  may  write: 

(2)  R1  — +  HCN  +  CH_ 


If  this 


12 

k2  =  10  exp 


-3,400  -1 

—  sec 
RT 


Methyl  radicals  may  react  with  UDMH  as  follows: 


CH,  CH 

•bCH^ - > 

NH  ! 

or 

(3)  UDMH  +  CH., - ►  UN  +  CH, 

j  4 

,  _  ,„12  -7,000  ,  , 

k^  =  10  exp  —  cc/mole-sec 

where  UN  is  the  radical  HNIJ  (CH^).^.  This  radical  may  rearrange  as 
follows: 


+CH, 


NH 


N-H 


N 
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The  rate  constant  for  this  reaction  was  taken  to  be  the  same  as  that  for 
reaction  (2),  i.e. 


k 


6 


exp 


-3.A00 

RT 


-1 

sec 


where 


(6)  UN 


CH^  +  CH^  +  N2 


NH2  radicals  may  react  with  UDMH  as  follows 


or 


CH,  CH, 

\  / 

N 

I 

NH„ 


+  NH, 


(A)  NH2  +  UDMH 

Similarly 

(5)  NH  +  UDMH  ‘ 


‘N^H,  +  R1 

2  4 


•UN  +  NH, 


CH_  CH, 

\  / 

N 


+  N2HA 


Reasonable  rate  constants  are: 


lO^’- 

exp 

-7.000 

RT 

10^^ 

exp 

-7,000 

RT 

cc/mole-sec 


The  hydrazine  thus  formed  would  behave  like  an  intermediate  rather  than 
like  a  product.  Hydrazine  may  react  with  methyl  and  amin  radicals  in  the 
reactions 


(7)  N2H^  +  CH3 


(8)  N2H^  +  NH2 


-N2H3  +NH3 


where  k_  =  k-  *  10^^  exp  cc/mole-sec 

/  Q  KI 

It  may  be  assumed  that  the  N2H2  radical  thus  formed  is  unstable 
and  decomposes  in  the  branching  reaction 


(9)  N2H3- 


NH2  +  NH 


k^  =  10^^  exp 


■18,000  -1 
sec 


. . 


-no¬ 


where  Eq  is  taken  as  that  found  to  be  appropriate  in  the  hydrazine 
decomposition  t^ection. 


Finally ,  the  following  termination  steps  are  proposed: 

(10)  H2H3  +  N2H3 - ►  2NH3  + 

(11) 

(12)  CH3  +  CH3  - ►  C2H^ 

=  k^2  “  cc/mole-sec 

In  summary,  the  following  reaction  mechanism  is  obtained: 


L 


r  Initiation 

[  — - 

'  (1)  UDMH  +  X— Ri  +  NH2 


Branching 

(9)  N2H3  - -  NH^  +  NH 

Propagation 

(2)  Rl - e*  ^^3 

13)  UDMH  +  CH3 - >  UN  +  CH^ 

(4)  UDMH  +  NHg — ^  N^H^  +  Rl 

(5)  UKffl  +  NH  • — >  UN  +  NH^ 

(6)  UN - -  CH3  +  CH^  + 

(7)  N2H^  +  CH3->— ♦  N2H3  +  CH^ 

* 

(8)  N2H^  +  NH2* — >-  N2H3  +  NH3 
Termination 

(10)  N2H3  +  N2H3 - N^  +  2NH^ 

(11)  NH2  +  NH2  - *•  ^2\ 

(12)  CH3  +  CH3 - ^ 

It  may  be  noted  that  reactions  3  and  6  form  a  loop  which  converts 
UDMH  to  methane  and  nitrogen,  i.e. 


(3)  UDMH  +  CH^ - >  UN  +  CH^ 

(6)  UN  - : - ^  CH^  +  CH^  +  N^ 

giving  the  stoichiometry  UWffl  N^  +  2CH^ 

Reactions  4,  5,  8,  9  serve  to  convert  UDMH  to  ammonia.  Rl,  and 

UN,  i.e. 

(4)  UDMH  +  NH2 - >  N^H^  +  Rl 

(5)  UDMH  +  NH - >  UN  +  NH^ 

(8)  N^H^  +  NH^ - ^N^H^  +  NH^ 

(9)  N^H^  - >NH  +  NH^ 

Rl  decomposes  by  reaction  (2)  to  give  hydrogen,  HCN,  and  methyl  radicals 
which  may  be  used  in  the  3-6  loop.  Similarly  UN  is  used  in  the  3-6  loop. 

The  4,  5,  8,  9  loop  may  be  used  to  give  the  stoichiometry 

2UDMH - >  H^  +  HCN  +  N^  +  CH^  +  NH^  +  aCH^ 

It  may  be  seen  from  this  that  the  branching  reaction  not  only  boosts  the 
above  loop,  but  also  supplies  CH^  radicals  to  the  3-6  loop. 

On  the  other  hand,  reaction  7  converts  CH^  radicals  into  N2H2 
which  supply  the  4,  5,  8,  9  loop. 

The  complete  reaction  mechanism  was  solved  numerically.  The  first 
order  race  constant,  as  a  function  of  temperature,  was  made  to  agree  with 
that  observed  experimentally.  However,  the  k  vs.  7o  reacted  relationship 
is  seen  to  be  a  complex  function  of  temperature.  The  value  of  k  taken 
for  comparison  with  experimentally  observed  values  was  that  v/here  the 
slope  of  the  k  vs.  %  reacted  curve  was  zero.  (See  Figure  62).  If  the  k 
vs.  7o  reacted  relationship  is  as  complex  as  that  shown  in  Fig.  62,  then  a 
simple  first  order  reduction  would,  indeed,  show  considerable  scatter. 

The  stoichiometry  computed  at  900  deg.  K  is 

UDMH — ^0.19HCN  +  O.I9H2  +  O.79N2  +  O.I9NH2 

+  0.19C,H,  +  1.39CH, 

2  6  4 

the  nitrogen,  methane,  and  ammonia  produced  agree  well  with  the  Aerojet 
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stoichiometry  reported  by  Raleigh,  i.e., 

UWffl  — >0.38H-  +  0.67N.  +  1.4CH,  +  0.09C-H,  ■}•  0.43HCN  +  0.23  NH, 

^  4  ^  o  j 

whereas  the  amount  of  hydrogen  and  HCN  computed  from  the  mechanism  are 
significantly  less. 

The  stoichiometry  observed  in  the  adiabatic  flow  reactor  at 
908  deg.  K  is 

UDMH — >  0.52H-  +  0.41NH,  +  0.27CH,  +  0.08HCN 
2  3  4 

showing  much  more  hydrogen  and  ammonia  than  V7as  computed,  and  reported  by 
Raleigh. 

The  concentrations  of  methane  and  HCN  are  suspect  because  of 
possible  polymerization  of  these  two  substances  in  the  cool  region  near 
the  sampling  probe. 

In  general,  the  postulated  mechanism  for  UDMH  decomposition 
agrees  reasonably  well  with  experimental  observations. 

However,  detailed  observation  of  reaction  rate  as  a  function  of 
concentration  and  temperature  over  a  wide  range  of  both  variables  is 
required  before  it  will  be  possible  to  place  any  great  faith  in  the 
suggested  mechanism. 

In  the  reaction  mechanism  postulated  for  UDMH  decomposition 
hydrazine  is  an  intermediate.  Thus  addition  of  hydrazine  to  UDMH  should 
speed  up  the  UDMH  decomposition  ratu,  if  the  suggested  mechanism  is  correct. 


A  mechanism  for  the  homogeneous,  gas  phase  decomposition  of 
monomethylhydrazine  was  developed  in  collaboration  with  Sawyer  (82). 
This  mechanism  is  as  follows: 


Initiation 

(1)  MMH  +  X - ^  H^C-NH  +  NH2  +  X 

(2)  MMH  +  X 


HjC-N  +  NH^  +  X 
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i 

I 


=  10^^  exp  (67,000/RT)  cc/mole-sec 
k2  =  5  X  10^^  exp  (67,000/RT)  cc/mole-sec 

Branching 

(3)  +  X  - VCH^  +  NH  +  X 

(4)  MMH  +  NH  - >  NH2  +  CNNH^ 

k^  =  10'^  exp  (-18,000/RT)  cc/mole-sec 
k^  =  10^^  exp  (-  7,000/RT)  cc/mole-sec 
Propagation 

(5)  H2CNNH2  +  ^ ^  ”2  ”2  ^^3  ■**  ^ 

(6)  MMH  +  CH^  - >  CH^  +  CNNH2 

(7)  MMH  +  NH2 - >  NH^  +  CNNH2 

k^  =  10^^  exp  (-18,00/RT) 

k^  =  10^^  exp  (-7,000/RT) 
o 

k^  =  10^^  exp  (-7,000/RT) 


Termination 


(8)  CH3  +  CH3 — V  C2H^ 

(9)  H3CN  - >  HCN  +  H2 

13 

kj,  =  10  cc/mole-sec 
o 

kg  •=  10^^  exp  (-10,00C7RT)  sec 


Sawyer  (82)  studied  this  mechanism  numerically,  and  found  .its  rate  behavior 
to  agree  with  that  observed  experimentally. 


The  following  stoichiometry  was  computed  at  900°K 


MMH - >  O.92H2  +  O.85N2  +  O.I7NH3 

+  0.74CH,  +  0.08C„H.  +  0.08HCN 
4  2  6 

Observations  of  stoichiometry  in  the  adiabatic  flow  reactor  showed  at  917®: 

MMH  - >*0.89H„  +  0.51NH,  +  0.20CH,  +  0.51HCN 

2  3  4 


J 


The  hydrogen  calculated  agrees  with  that  observed,  whereas  the  experiment 
shows  much  more  ammonia  and  HCN  than  computed.  The  experimental  methane, 
and  HCN,  values  are  likely  to  be  much  too  low  because  of  pol3nnerization. 


D.  Comparison  of  Decomposition  Mechanisms  of  Hydrazine.  Monomethyl thydrazlne 
and  Unsymmetrlcal  Dimethyl thydrazine 

A  comparison  of  the  suggested  reaction  mechanisms  shows  that 
UDMH  and  monomethylhydrazine  have  not  only  the  NH^  and  NH  free  radicals, 
but  also  the  very  effective  CH^  radicals.  This  may  explain  why  the 
overall  gas  phase  rates  of  the  methyl  derivatives  of  hydrazine  are  faster 
than  those  of  the  parent  substance. 

The  next  question  to  be  answered  is  why  UIMl  decomposition  has 
a  faster  rate  and  lower  activation  energy  than  monomethylhydrazine 
decomposition.  The  postulated  mechanisms  show  a  quite  effective  branching 
chain  for  UMffl  decomposition,  i.e. 

UDMH  +  NH. - »  R1  +  N.H, 

Z  z  4 

N2H4  +  CH3 - >  N2H3  +  CH^ 

N2H3  - >  NH^,  +  NH 

UDMH  +  NH - >  NH^  +  CH3  +  CH^  +  N,  . 

whereas  the  branching  reaction  for  monomethyl -hydrazine  decomposition,  i.e. 

H3C  -  NH  - ►  CH3  +  NH 

is  not  part  of  a  true  branching  chain,  since  H3  CNH  is  only  formed  in  the 
initiation  reaction 


MMH  +  X 


H3CNH  +  NH2  +  X 
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CONCLUSIONS 


The  adiabatic  flow  reactor  yields  overall  rate  constants  as 
functions  of  temperature  and  concentration  in  a  reaction  rate  regime  too 
fast  for  isothermal  bombs  and  even  isothermal  flow  reactors,  and  too 
slow  for  ordinary  shock  tubes. 

Furthermore,  the  difficulties  encountered  in  obtaining  a  kinetic 
interpretation  of  laminar  flame-,  isothermal  bomb-,  and  isothermal  flow 
reactor  studies  are  avoided,  since  longitudinal  diffusion  of  heat  and 
active  species  in  the  adiabatic  flow  reactor  is  unimportant,  radial 
variations  in  temperature  may  be  eliminated,  and  radial  velocity  profiles 
are  quite  flat. 

The  one-dimensional  flow  pattern  in  the  reactor  is  achieved  by 
operating  it  in  the  regime  of  turbulent  flow.  Consequently,  the  effect 
of  turbulence  on  tVie  kinetics  measurements  had  to  be  investigated.  A 
method  was  developed  by  which  an  estimate  may  be  made  of  this  effect,  and  ' 
it  was  found  that,  for  conditions  encountered  in  the  flow  reactor,  the 
effect  of  turbulence  on  chemical  kinetics  is  small  enough  to  be  neglected. 

An  error  analysis  of  the  flow  reactor  shov;ed  the  most  serious 
experimental  error  to  be  due  to  violation  of  the  adiabaticity  assumption 
near  the  end  of  the  reaction  zone.  This  difficulty  may  be  overcome  by 
heating  the  reactor  duct  in  such  a  manner  that  heat  transfer  is  minimized. 

The  present  single  electrical  winding  should  be  replaced  by  several, 
individually  controlled  coils.  The  current  in  these  coils  may  then 
be  adjusted  in  such  a  manner  that  the  wall  temperature  and  the  gas 

4 

temperature  are  within  a  few  degrees  of  each  other.  If  this  is  done, 
then  it  should  be  possible  to  reduce  experimental  error  to  less  than  5%. 

The  activation  energy  for  hydrazine  decomposition  obtained  in 
the  flow  reactor  study  agrees  with  that  deduced  from  laminar  flame  studies 
by  Gray  and  Lee  (9).  Diffusion  in  the  adiabatic  flow  reactor  is  unimportant, 

and  the  activation  energy  refers  to  the  overall  reaction.  Thus,  agreement  of 
activation  energy  and  stoichiometry  obtained  in  the  adiabatic  flow  reactor 

with  the  results  of  flame  observations  suggests  that  hydrazine  decomposition 
flames  should  be  interpreted  on  the  basis  of  the  thermal  theory  of  flame 
propagation. 


r 
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A  comparison  of  the  first  order  rates  of  the  three  monopropellants 
shows  that,  in  the  temperature  regime  of  this  study,  i.e.  800  -  1000  deg.  K. 
UDMH  decomposition  is  fastest,  hydrazine  decomposition  is  slowest,  and  the 
monomethylhydrazine  decomposition  rate  is  intermediate.  It  is  somewhat 
surprising  that  the  reaction  rate  of  hydrazine,  which  is  known  for  its 
poor  stability,  should  be  the  slowest.  It  is  not  unlikely,  however,  that 
the  rate  of  homogeneous  gas  phase  hydrazine  decomposition  is  indeed 
relatively  slow,  and  that  hydrazine  explosions  are  surface  initiated. 

Such  a  conclusion  is  confirmed  by  the  strong  effect  which  most  surface 
materials  have  on  the  decomposition  of  hydrazine  vapor. 

It  was  found  that  the  activation  energy  of  decomposition  is  highest 
for  monomethylhydrazine,  lovjest  for  UDMH,  and  intermediate  for  hydrazine. 

The  reaction  mechanisms  which  have  been  postulated  for  the  thermal  gas 
phase  decomposition  of  hydrazine  and  its  methyl  derivatives  provide  an 
explanation  for  the  observed  experimental  trends. 

Results  of  electron  impact  studies  by  Dibeler  (29)  show  that  the' 
N-N  bond  is  strengthened  by  the  addition  of  methyl  groups.  Now,  the 
initiation  reactions  for  the  decomposition  of  hydrazine  and  its  methyl 
derivatives  involve  rupture  of  the  N-N  bond.  Thus,  initiation  is  easiest 
for  hydrazine,  most  difficult  for  UDMH,  and  intermediate  for  MMH,  suggesting 
the  following  relation  of  activation  energies:  UDMH  MMH  But, 

the  methyl  substitution  has  an  additional  effect,  namely  to  provide  a 
source  of  methyl  radicals  which  facilitate  and  enhance  the  chain  effects. 

This  consideration  suggests  the  following  relation  of  reaction  rates: 

UDMH  >  MMH  >  N^H^,  which  is,  indeed,  observed.  It  is  further  suggested 
that  the  low  overall  activation  energy  of  UDMH  decomposition  is  due  to  a 
branching  reaction,  i7hich  however  does  not  occur  in  monomethylhydrazine 
decomposition. 

The  decomposition  of  hydrazine,  UDMH,  and  monomethylhydrazine 
were  studied  in  the  adiabatic  flow  reactor,  and  an  explanation  for  the 
observed  behavior  has  been  presented.  Further  light  can  be  shed  on  the 
problem  by  spectroscopic  studies  to  experimentally  identify  the  radicals 
taking  part  in  the  decomposition  of  the  substituted  hydrazines,  and  by 
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measurement  of  overall  reaction  rates  in  the  presence  of  additives.  Such 
additives  as  mercury-  or  lead  alkyls  to  supply  methyl  radicals,  and 
acetylene  to  scavenge  radicals  should  be  especially  interesting.  Below 
1000  deg.  K  polymerization  is  the  most  important  reaction  of  acetylene 
(45).  It  follows,  that  in  the  temperature  range  of  this  study,  acetylene 
would  be  an  excellent  radical  scavenger. 

The  mechanism  for  hydrazine  decomposition  suggested  in  this 
study  differs  from  those  postulated  by  previous  investigators,  in  that  it 
includes  a  set  of  branching  reactions 

N2H3 — ►  NH  +  NH^ 

N_H,  +  NH— +  NH. 

2  4  2  3  2 

Without  branching,  the  overall  activation  energy  computed  from  the 
mechanism  was  too  high,  and  the  overall  rate  too  low. 

The  logarithm  of  the  computed  'steady  state'  rate  constant  was 
plotted  against  1/T.  The  resulting  curve  was  found  to  agree  vjith 
experimental  data  obtained  in  this  study  and  in  shock  tube  studies  by 
Jost  (15).  Also,  the  stoichiometry  calculated  from  the  mechanism  agreed 
with  that  measured  experimentally.  This  is  a  significant  advance  over 
previous  investigations  where  only  a  vague  compatibility  of  suggested 
mechanisms  with  experimental  results  had  been  indicated. 

It  was  found  that  the  rate  of  decomposition  of  hydrazine-water 

mixtures  was  slower  than  that  of  the  'anhydrous'  material  by  approximately 

a  factor  of  10,  and  was  independent  of  the  amount  of  water  added.  Thus  it 

seems  that  water  inhibits  the  gaseous  decomposition  of  hydrazine  by  very 

effectively  suppressing  some  reaction  step.  To  explain  this  effect,  it 

is  suggested  that  the  radical  is  formed  in  an  excited  state,  N2H3 

which  can  either  branch  to  give  NH  +  NH2,  or  be  deactivated  by  collision 

to  a  relatively  stable  form.  Then,  small  amounts  of  water  can  relax 
* 

N2H3  and  thus  suppress  branching. 

Unless  the  third  body  effectiveness  of  nitrogen  is  very  low, 
the  reaction 

N2H3*  +  N,— ^  N2H3  +  N.^ 
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could  make  the  overall  rate  of  decomposition  of  hydrazine  relatively  low 
under  conditions  in  the  flow  reactor,  and  yet  quite  rapid  in  pure  hydrazine 
vapor. 

Computations  on  the  postulated  reaction  mechanisms  showed  that, 
if  the  initial  build-up  phase  is  ignored,  then  the  overall  first  order  rate 
constant  is  a  function  only  of  temperature  and  concentration,  and  is 
independent  of  initial  reactant  concentration.  This  means'  that  free 
radical  concentrations,  and  the  overall  rate,  are  Independent  of  the  previous 
history  of  the  reaction.  Thus,  it  is  legitimate  to  write 

-dC/dt  -  k  (T)  f  (C,T) 

However,  f(C,T)  is  not  a  simple  power  function  of  concentration,  and  may 
only  be  approximated  as  such  over  quite  narrow  ranges  of  concentration 
and  temperature.  This  conclusion  is  not  surprising,  and  may  indeed  be 
deduced  from  the  steady  state  treatment  of  a  simplified  mechanism.  Hovjever, 
it  shows  a  theoretical  reason  why  data  which  are  analysed  according  to 
an  overall  Arrhenius  expression  of  the  type 

-dC/dt  =  k  (T)C” 

must  necessarily  scatter. 

Insofar  as  f(C,T)  is  characteristic  of  a  particular  mechanism,  an 
accurate  determination  of  f(C,T)  would  provide  the  maximum  information 
v;hich  can  be  obtained  from  overall  reaction  rate  mea.surements.  Such  a 
determination  should  be  possible  with  an  improved  version  of  the  adiabatic 
flow  reactor. 

Tliere  are  two  areas  in  which  further  research  on  hydrazine 
decomposition  would  be  useful.  One  is  the  study  of  hydrazine  decomposition 
rates  at  temperatures  below  800  deg.  K  with,  and  without  additives.  The 
other  is  a  study  of  the  transient  free  radical  buildup.  A  major  contribution 
to  understanding  the  reaction  mechanism,  and  to  the  general  field  of 
chemical  kinetics,  could  be  made  by  studying  the  transient  build-up,  and 
disappearance  of  free  radicals,  and  the  effects  of  additives  on  this 
behavior. 
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Appendix  A;  Data  Reduction 


The  data  reduction  \vas  performed  using  an  IBM  162C 
electronic  computer,  with  8  digit  accuracy. 

The  principle  upon  which  the  data  reduction  was  based 
has  been  discussed  in  tlie  body  of  the  thesis  and  will  not  be 
repeated  here. 

Rather,  the  data  reduction  programs  actually  used  are 
outlined  in  chart  form,  and  then  shown  as  they  appear  in 
FORTRAN  form. 

The  tables  used  were  taken  either  from  standard  references, 
such  as  NBS  or  JANEF  tables,  or  from  experimentally  obtained 
calibration  curves.  The  calibrations  will  be  lUscussed  in 
appendix  B. 

The  tab] e  reading  and  interpolation  routine  (TRIR) 
worked  as  follows.  The  table  was  searched  for  values  of  the 
abscissa,  X^,  such  that  <  X  <..X2*  where  X  is  the  value  of 
independent  variable  for  which  it  was  desired  to  find  the 
corresponding  value  of  dependent  variable  Y.  A  straight  line 
was  then  drawn  through  the  points  (X^  ,  )  and  (X2  •  ^2  ^ 

equation  of  this  line  was  used  to  determine  Y. 

The  slope  of  the  millivolt-distance  trace  for 
longitudinal  temperature  was  read  graphically  from  the  Speedomax 
traces,  using  a  Gerber  derivimeter,  then  fed  into  the  data 
reduction  program  RATE  3. 


DATA  UKD’JCTIO::  SEQUEMCE 


Tables 


PROGRAM  LINPOL  t 


Table  Reading  and 
Interpolation  Routine  (TRIR) 


f  3 


Temperature 
-Millivolt  Table 
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IGOU  J,  F.GF.r.STF.IM 
MODIFIED  LhiPOL 
FIRST  PART  OF  TWO  PARTS 
JUNE  1,1962 

DATA  REDUCTION  PROGR/V*. 

CHEM.ICAL  KINETICS  FLi)',;  .IEaCTOR 


TIME NS  I  ON  XT(75},YT(75} 

I'lMENSION  K{25T.ViiE(25;,v:*p:25),v;;-i(25) 

DIMENSION  VPR(25},Y  iA(25^X:  P:25hvr>P{25),XTi;(25:,VTr.(25) 
nr.EiisiON  w(75),4(75) 


RE  AD,  Cj,  ETTA 
!;EAn,D|A1,!,J 
ALPUAuETIC  PRINT 

IVX:|FIED  LINPOL,PART  ONE,  JUNE  1,1062 
ALPHABETIC  PRINT 
DATE  OF  EXPERl-.NIflT 

ALPHABETIC  PRINT 
CARRIEi;  GAS 

ALPHAS E7 1C  PRINT 

FUEL 

ALPHABETIC  PRlIiT 
DUCT  OlAilETFOl,  lilCHES 
PRINT, DlAi 

Au  J«!  I A  •  I  a;  ‘.*  { 3 . 1 41 6/4 .  ) 

AfJ.AUJ'VRJ 
ALPHABETIC  PRINT 
0  AkJ 

'  PRI!lT,n,AUJ,ETTA 
i;EA(',NT 

alphabetic  PRINT 
temper;, TUiiE, MILLIVOLT  TA  LE 
P.. I  NT. NT 

■.''701  702  !a«1,NT 

OOO'A;  REa[:,YT(KT),RT(KT} 

J;)702  C,)!iTINUr: 

alphabetic  print 

E;iTHALPV,TE. ;PEiOiTUi.E  TABLE 
rvEAO,NI 
PRIiiT,ill 

•O-;'201  DO  202  1-1, ill 

Or-CrE.:)  READ ,  X  (I  ,  YHE  (I ) ,  Yi  iP  { I  : ,  Vi  IN  ( I  :• 
=-■202  CONTINUE 
PAUSE 

00735  read-, XTR,NHUN 

00000  PKINT,NfiUN 

00705  i;EAr,JTT,XTT 

00000  IF  (JTT-7)  716,1001,1001 

00716  XTT«'/TT+XT0 

00(5-00  IKU\S«1JT 

OOi'O'O  INT.1 

00000  UiXTT 

00000  DO  703  KT»1,NT 

00000  IN-KT 

00000  V;(IK)-XT(KT) 

00703  Z(IK)-VT(KT) 


00000 

G( 

)  TO 

1709 

00001 

GO  TO 

(709, 

00709 

1 KLAS- 

.11 

00000 

1  MT-2 

00000 

U»V 

00000 

DO  203 

1-1 

30000 

iK*l 

v/l 

[IK)« 

>:(i) 

-H'.203 

Z| 

:iK)- 

YHF{ 

iOOlHI 

f*  ! 

V4  • 

)  TO 

1709 

.'0002 

'/*  ' 

'  1 

-  'K  •<  /  i 

vi 

.  TO 

705 

0  710 

If 

;las» 

oi 

v3‘.'0w'0 

1: 

•:t-3 

WV* 

u«v 

00000 

: ' 

:■  303 

.  1=1 

OOO00 

If 

0«i 

00000 

‘  !  1 

•  ,* 

[  1  i\/st 

\/  *  1  ^ 

00303 

Z  (  1  Xjm 

v.;?( 

V/.7WV*'J 

G. 

:  TO 

1 709 

■Xj003  v:!PP-v 

o0CC'i;  no  TO  705 

00711  lKLAS-i?:i 
00000  lljT-i4 
00000  U-V 

O'wooo  rj  403  1=1.  • 

OwOOO  10^1 
0*0000  \/(IK.)«X(!) 

O-.)403  2(|i<)-Y;-iO(i: 

0000 0  GO  TJ  1709 
0;3-;:04  YiriUV 
00000  GO  TO  705 
00712  liaAG-::! 

0000 -0  IMT-iS 
.00000  U-V 
00G;;('  Pi 
00000  itUI 
00 000  W(IK)-X(I) 

00404  Z(IK)-Y:i;:(i  ) 

00000  GO  TO  1709 
0;:{':;i5  yhnl«v 

YHPP-Y!iPP-;:TTA 
(MKX  iV\T;u(YHOL-Y!..il  ;  /  (G+v: 

ALPftAGZTIC  P:.l.;T 
FUEL/CARkli::^  PO\TI  O 

PU;3CH,l!ilU0,i.AT  , 

Pi<INT,lV\T;;,.JiVJO 
GO  TO  735 

01709  PCi  1206  n<«i,iKu.r, 

I F(U-W(IK}}1 204,1 207,1 206 

1206  O^OTlMUi- 

01204  IF  (IK-1)  1210,1205,1210 


I'w  404  !•!  ,*ll 


,>P) 
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c  ig:)r  j. 

C  .".XIFIKG  LI  iP  )L 

C  SLCONP  PA.IT  or  Tv.'O  PARTS 

C  JU:)L  1J<)o2 

C  TATA  REMU:TI;3I!  P.;-3GRA.‘ 

C  GilC.IICAL  ft).’ 

rri.:RSI.;:l  "T(75).Y7(75) 

I'lMilRSIOi.  r(25;fV:i;:{25),Vi;F(25:  t'- 

r  j : u: i IS  I i  vp.l ( 2 5; ,  v  -ia (25)  »ysp {25: » 
ri.'iE/jsi.vii  1/(75),  ^(75) 

ALPfiAfJKTIC  PRINT 

MODIFIED  LINPOL.PA-'J  T.;.). JOAu  |,rH>2 
REAr,RETAF/'.:;TAn 
ALPilAOETIC  PRINT 
f'ETAF  ;.LTAN 

pRiNT,Bi-;TAr,r,i:TAi,’ 

ALPHABET  I r  PRINT 
Pi>ESSURE,FLOV/  R/.TE  TABLE 
REAr,.’/:' 

Pi'lNT.iLi 
rj  302 

;n^jC0  REAt),YP!;( 

00302  CONTINUE 

ALPNAOF.TIC  PRINT 
ORIFICE  FLOW  TABLE 
READjNL 
PRh^T.iiL 

0-.UJ01  !  0  402  L»1,  }L 

00000  REAr.Nf  p(l),Y{:p(l; 

00402  CONTINUE 

ALPHABETIC  P..1NT 
)P.IFICF.  TEMPERA TJRE  TACL.-: 

REAP, MR 
PRINT.NK 

r.o  502 

00  501  ,  XT  E  ( R  h  YT  E  ( :•; ) 

00502  CUNT  I  MU.: 

PAUSE 

^735  aE^^*.. I 

736  REAr,MR:;N,x.NiP,:::iir,:r  nt 

I  FCL'l'N-M.uJN}!  301 ,1  302,1  301 
1301  CONTI  NNi* 

ALPHABETIC  PiU  R=T 
HISVuCHEf;  Data 


00  501 

00502 


PRlNT,‘li(JM,NiiUN 
GO  TO  1735 
1302  CONTINUE 

REAR, KHUN, YP:a,,XPT,0  L/.YJUi^K 
I F  { KRU  N-:  i;;u  o )  1 30 1  p  31 0 , 1 301 


310  IKLAS«iT- 
i  ljT«6 
00000  U.YPRfl 
00000  no  233 

00000  IK«;i 
00000  W(lfO«YP.l(.‘0 
00233  Z(1K)-Y:ti\(.‘1) 

00000  GO  TO  1709 
00006  Y!1!WV 

00000  Of u  51 0 .  ;:■/  (  >:p T+460 . 0 ) 
00000  o;^» ( X'lW/ 28. 966)^0! i. ! 
Y:iCA.Y:i'.*noii(w;‘.) 
ALPifA-OOTIC  P.illiT 
CARRiE;<  ri..i,;,Lnr./G:c. 
Piii:iT,V'lCA 
I  :fT«9 
I ALAGnOL 
00  1243  L*1.:iL 

i  iCbL 

W(IK)«\';;P(L) 

2(llO-Yf;P(L) 

1243  CvOffTllfUE 
U»30lUX:il  r) 

GO  TO  1709 
1600  Vi.lF-V 

0l!/-530./(460,-i-x:;i7; 
ou  wou- *():.JIP+l4.7'/24.7 

AjO"USCi;(.':!  1) 

YI4I  F*  lOO! I  r’'‘^»''uT<\.» 
YAIF-YOIP^I  .•  ■(>  -3 
ALPOAOr.TIt:  P:;l:iT 

*  1  I  1  I  \  %J\i  I 

p.:i;iT,'.'..i!' 

'■■■  I  '■«  i»i  A  .(.j «'^i 'jiT. ' 

Y  -CA-V  ;CA+Y;j|F 

V  :T«V  -C/.+VM;.  ! 


\'h)  -il.i 

1 ,  - 

Lo  ( V 

iC^+Y 

;i}/A!..j 

i  K  V'  1 ' 

.  • 
r  1 

4  .  2  * 

•  1,  , ;  I  '  w  Y 

S  «4  •  <  t  ^  1 

...VEL 

f  »u 

PiiAj 

tTIC  P.v 

l.iT 

:  I'.i  I 
!iuu  .4  j 

FULL  FL  ) 

r^rr; '*•  ' 

1  N  C 

fH  0  fs 

OJ-  VVf.O 

r. .  j  Ai  -r 

,y:a,,.^' 

v; 

t  '  * 

*x  m" 

■;/x  Vi. } 

p.. 

l.iT, 

NRU.-J.Y 

ic ; 

ALPflABETIu  PRINT 
TOTAL  GAS  FL.;’./, LOS. /SEC. 
PrUfJT,YGT 
ALPHAGETIC  PiYl.iT 
VELOCITY.  I NCMES/SECONL. 

PRIOT.VEL 
OOCO;  INT*7 
00000  i;aAS.NL 
000Of5  f  O  243  Ul.ML 
00000  IK*L 
0C'0OO  •,/{IK)«XDP(L) 

00243  Z(IK)-iYf;P(L) 


.,r. i  Cl. 


A 


A-ll 


U-SQR(XXf:p) 

00OO«1  GO  TO  1709 
0O0C7  YDPP-V 
I  NTaid 
I  KxLAS-H.X 
DO  253  iUi.tiK 
iKxK 

Z(IK)«YTi:(rO 
253  CJiJTlIiUE 
00000  'J«XTlE 
00000  GO  TO  1709 
8  TEF.V 

ALPHABETIC  P..i:;7 
FUEL  T£:iPEPJ^TURE,i'EG.C£.iT. 

PRIUT.TEF 

VOT-304.'V(V+273.1; 

00000  V OP- ( XPil+1 4 . 7 )  /24 . 7 

00000  VMl*iYDV//28./' 

00000  VOOrU«VOT'’fVOp->yMW 
00000  YOGIWSQIid'OOr.U) 

00000  YfEP-YOPP^YOGM 

YOEP-YDEP*.nETAF  . 

YDEP-YDEP*!  .••/E-O-S 
ALPHABETIC  PiJ  NT 
ORIFICE  FUEL  rLOi/.LBS/SEO 
PRIUT.YCEP 
PklNT,iinUi} 

ALPHABETIC  PM  NT 
Ai>IALYSIS  jF  run  CO  PLETEG 
GO  Tj  1735 

01 709  no  1 206  1  k-1 , 1  Al/.G 

IF(U-W(IR))1204,12vO7.1206 

1206  CONTINUE 

01204  IF  (IK-l)  1210,1205,1210 

1205  CONTI  ii'JE 

ALP!;A:jETIC  PRINT 
TABLE  t‘«EAi  INvj  Li.ilOi; 

0000-:=  GO  TO  1001 
01210  E-z( I !■;)-:(! N-1 ) 

00000  S-\/(1;<)-m'(U-1) 

00OOO  SLOPE-E/S 

00000  V-3LOP£*(U-',;(  I K-1 }  )-i-Z(l  K-1 ) 

00000  GO  TO  1211 

01207  V.2(l:0 

IF(SENSE  GWITCti  3)1211,1212 
01211  PtUNT,U,V,li.'T 

1212  GO  TO(1.2,3,4,5.6,7.8,16O0),I:IT 

1001  PAUSE 
END 


o  o  o  o 
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PROGilAil  flATuS 
IGOR  J.  UnPRSTEI.i 
OCTOBER  24,1962 
\mE  CONSTANTS  OP  J'i’.r-CR  ;i 
L-li-.ENSION  Z;)0(25), 52(25) 
r.  I : icos  I  Oil  xtt(255  , ytt (25) , yt( 75' 
[  IMEHSiJii  MX(20),Y1>:(20),Y  5V'2P 
D I  ■  1ENS I  .JM  :•  I  P  ( 20 ) ,  Za/v  ( 20 )  p  .:T  ( 20  ) 
ri'lErlSI  Oii  T(21  ),SL  :(20),Yt  EL(20) 
ALPllAi'ETIC  PrUNT 
IGOR  ECEkSTEI  M*,Piv;)riR;0'  i;ATE3 
ivEAr-.onnER.oS 
ORjB  jtcPEiR"*!  •  ' 

ALPHABETIC  PkIHT 
ORDER,  S3 

PR I  NT. ORDER, 5 3. 
i.EAr  ,CO£ri 
ALPHAiJETlC  Pi'.h'lT 

COEri 

DO  102  raol,:,T 
102  Rr.Ar,YT(RT},:<T(.;T) 

600  REAr.NRUD'.RTO.VEu 
REAr  .HuliR,  :V  •/  T 
IF(’V,>Ui!-Nii'j,i}3l  3.310,313 
313  CONTI  i.i'ji: 

ALPHABETIC  pani 
illSrlATCHED  ('ATA 
PAUSE 
G )  T  0  600 
310  OTT-1 

XTT(  iY)»Y  'F+);T..,+  1  .'I 

te'.Y 

GO  T  1  106 
1  TF-YTT(  ;)+273.1 
PRINT, TE.Ni.UN 
JTT«2 

DO  302  -1,'  Y 

V  -,  /  \  , 

■  •''‘V  >/'•  '-'A  J 

XTT(;;)«Y  !V( 

106  no  126  KT-l.OT 


i  tai'ftttteSWi  It  WiitiimiiiiiiimKMM  I 


^  IF(XTT(0-:tT(KT))124,127,t2t> 

126  CONTI. 'lUi: 

124  IF(KT-1)121, 125.121 

125  CONTI  NUF. 

ALPHABETIC  Pr. I MT 

TABLE  REAriNG  EKi...)u 
PAUSE 
GO  TO  t,O0 

121  E-YT(KT)-YT(KT-1) 

S.XT(KT)-:<T(KT-1) 

SLOPE.E/S 

YTT(l1)«SL  }PE->(XTT(!;)-XT(;'sT-l :  :+VT(.;T-1 ) 
GO  T0(1,2;,JTT 
2  GO  TO  ^1 

127  YTT(ii)«VT(KT) 

T(M)-YTT'.<)+273.1 

ALPHAdtTIC  P.BIHT 
EXACT  .MV,-TE:1P.  C  )rJ;nSPO{JD£NC£ 

PR  I  NT,  y  .x{  i:-,t 
GO  TO  303 

301  T(:1)-YTTC!)+2?3.1 

YPEL(i)«SLOPE 

X  APP;<-  C  0£  !•  1  *V  £L*  ( T  F/ 1 000 , ) 
2IP(r1)«XAPPA*YrEL(.*.)*SL0(  ,  /{T£-T{.;; 

OT(;i)-i,  7T(:;) 

ZOO(M)«S3->T(  i)/(Tr-T(  I)} 

S2(.1)«(a)0(  j.R 
2IP(M).S2(  1)*ZIP(  \) 

IFCSE.NSE  S’NITCH  1)610,620 
610  PRINT, OT(M},2IPC!),32(-'.) 

620  PUNCH, NiVJ.N,T(  7,2 1 P(  ’) 

303  CONTINUE 

302  CONTliWE 
GO  TO  600 

nil  END 

PR  I  NT,  OE  FI 
READ, NT 


r 


T 
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C  IGOR  J.EBERSTEIN 

C  JUNE  11 „  1962 

C  LEAST  SQUARE  LINE  FOR 

C  CHEMICAL  KINETICS  DATA 
C  PART  ONE  OF  TWO  PARTS 

DIMENSION  X(450),Y(450) 
READ,XK1,XK2,XK3 
READ,NRUNI,TI,ZIPI 
M-l 
T.TI 

ZIP.ZIPI 
GO  TO  11 

10  READ^NKUN 
IF(NRUN)12,12,14 

14  READpT.ZIP 

11  X(N).1.:VT 
Y(N)-XKl*LiXlF(ZIP) 

N«N+1 

GO  TO  10 

12  NRUNU-NRUN 
NFIN.IM 
XN-NFIU 
SUnXY«0.O 

SUMX. 0.0 

SUMY. 0.0 
SUMX2-0.O 
5U  ^2-0.  j 

DO  21  t4il,{ii-IN 

SU’lXY.GU.'lXV+XOO^YdO 

SU'IXaSUi'.X+XdO 

SUMY-iSUf'iV+Y(:0 

SUMX2-SU;-X2+X(;0*X{N) 

su;iY2«su;’.V2+Y(N)*Y(t;) 

21  CONTINUE 

PUNCJipXKl  ,XK2,>:K3 
PUNCiIpNi.UNI  ,;iKUNL,Xi'i 
PUNCilpSU'lXYpSUj’.XpSUMY 
PUNC}{,SU/;X2,SU='.Y2 
ALPHABETIC  p;;i;;t 
PROCEED  TO  LEESOpPART  TWO 
CONTINUE 
STOP 
END 


I 
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C  IGOR  EBERSTEliM 

C  LEAST  SQUARE  LINE  FOR  CHEH.KIIIET.  PART  TWO 

READ,XK1,XK2,XK3 
READ,NRUMI,NRUNL,XN 
READ,SUMXY,SUMX,SUHY 
READ,SUMX2,SUMY2 
ALPHABETIC  PRINT 

CHEMICAL  KINETICS  DATA  LEAST  SQUARE  LINE 
ALPHABETIC  PRINT 
DUCT  DIAMETER, INCHES 

ALPHABETIC  PRINT 
CARRIER  GAS 

ALPHABETIC  PRINT 

FUEL 

ALPHABETIC  PRINT 
ADDITIVE 

ALPHABETIC  PRINT 
RUN  SERIES 

PRINT,NRUNI,NRUNL 
SUM1  -X  H*SU:  tX  Y-SUi'!X*SU;'.Y 
su?i2«XN*su;  1X2-SU;  ix^su:  '.x 
SLOPE*SU;il/SU?12 
ACTE.1 .99*5 LOPE 
ALPHABETIC  PRINT 

ACTIVATION  ENERGY,  CALORIES  PER  GI^AM.-'.OLE 
?RINT,ACTE 

SUM>SU.‘'iXY-(SU:  .X*SU‘ !Y) /XN 
SU  MlmSU  i  1X2-  ( SU  f  IX  *SU .  .X )  /  X  N 
SUM5«SUM3’'fSUM3/SU:i4 
SUM6«SUMY2-(SUMY*SU  '.V)/X:i-SU''.5 
S2»SUf16/(XN-2.C) 

XAV.SUMX/XN 

YAV-SUMY/XN 

SUM7.SU!  1X2-X1  P’f.'CAV^XAV 

VASLa-S2/SUI17 

SDSLO-SOR(VASLO) 

SOEN-1  .99*51)SL  ) 

ALPHABETIC  PRINT 

STANDARD  DEVIATION  OF  ACTIVATI  .i;  ENEIvGY 
ALPHABETIC  PRINT 
CALORIES  PER  GRAM-MOLE 
PRINT,SDEN 
A-YAV-SLOPE’^XAV 
SUII8«XN*SUMX2-SUMX*SU;1X 
SUM9.SUMX2/SUM8 
SA2-S2*SUM9 
SA«SQR(SA2) 


I 
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PREEX.£)(P(A) 

ALPHABETIC  PRIHT 
PRE  EXPOULilTlAL  PACTOR 
Pt'JHT.PiuEEX 

sa/^»sa/;:k2 

ALPHABETIC  PRINT 
STAND Afu.  'DEVIATION  OF  EXPOliEMT 
ALPHACETiC  PRINT 
OF  PRcEXPONEMTiAL  FACTDi’. 
PR1NT,SAA 
ALPHABETIC  PRINT 
HA  IN  A.iALYSIS  CO.^'.PLETE 
ALPHABETIC  PRINT 
AUXILIARY  l!iF0Pu':ATI0N  FOLLOViS 
ALPfiAEETIC  PRIiiT 
SUHX  SUMY 

pAt;i7,SUM.X,SU:iY,SU-tXV 
/■LPliA^ETIC  PRINT 


SU''XY 


GU:-^X2 


SU;‘Y2 


P R I :  !T ,  SU  •  iX  2 ,  SU : Y 2 ,  X  A V ,  Y A V . 
ALPiiABETIC  PRINT 


ANALYSIS  CO' PuETi 
CJNTl:;UE 
STOP 


i 
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C  PROGRAM.  SEAV,  IGOf;  J.  EBERf.TEl.'J  . 

ALPHADETin  Ptll.lT 
IGOR  J.  EBERSTEIN,  PROGRAM  SEAV 

DIMENSIOfl  X(450).Y(450).Z(50).W(50) 
m  J«i 

8  READ, NO IV, OK 
10  READ,NKUM 

IF(NRUN)12, 12,14 

14  READ, T, RATE 
X(  J)«1  .,)/T 
YU)«LOGF(RxATi:} 

»*:*  J'f  1 
GO  TO  10 
12  M-J-1 
XHmH 

XliAXaXd) 

XMlIfciXd) 

DO  20  J»1,N 
IF(XMAX-X(J))212,213,213 

212  XMAX.X(J) 

213  IF(X(J)-XHJI)214,215.215 

214  XMir4.X(J) 

215  COInITIIIUE 
20  CONTINUE 

OEX^XMAX-Xi'.lfl 

AOIV«flDIV 

DX«0EX/Ariv 

XAX-XMIM 


DO  301  K»1,iiniv 
XilbiXAX 


601 

602 


304 

305 


XAX»XAX+r.X 

IF(S£NSE  S\/ITCH  1)601,602 
PR  I  NT,  XAX,X  I  :i 

1*1 

SUMZ.0.'.:- 

SUiUM..' 

DO  302  J-1,N 

I F(XAX-X(J)  303.304,304 
IF(X(J)-XIN)303,305,305 
Z(I)«X(J) 

W(I)-Y(J) 

SUMZ«SUf12+Z(l ) 
SU.MVI.SU!i\.’+V/(  I ) 

UI-t-1 


303  CONTINUE 
302  CONTINUE 

I  F(  1-1)701, 701, 702 

701  1-2 

702  XUl-1 
XUI-1 


!iui-t 

ZAV«su:;2/xi 

WAV.SUi^//XI 

VAR«0.;^ 

DO  402  U1,NI 

402  VAR»VArv+(H(  I  )-‘uAV)*(V/(  I  )-V/AV) 
VAR-VAk/X I 
STO«SQRF(VAR) 

TAV.1 .0/ZAV 
RAV.EXPF(WAV) 


PKINT,ZAV,flAV,WAV,5TP 
301  PUMCHBK,TAV,f^V 
PAUSE 
GO  TO  100 
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Appendix  B;  Calibrations 

All  essential  pressure  gauges,  thenaocouples,  and  orifices 
were  calibrated. 


Pressure  Gauges 

The  pressure  gauges  were  calibrated  using  a  dead  weight  tester, 
and  were  found  to  be  accurate  to  +  1  psi. 


Orifice  Thermocouples 

The  orifice  thermocouples  were  calibrated  against  a  standard 
mercury  thermometer.  All  these  thermocouples  were  calibrated  in  the 
system.  Tlie  thermocouple  temperatures  for  the  critical  flow,  and  diluent 
nitrogen  orifices  were  read  in  degrees  Fahrenheit  from  a  direct  reading 
(West)  meter.  In  the  temperature  range  of  interest,  i.e.  20  deg.  P  to 
100  deg.  F,  the  error  was  generally  found  to  be  less  than  5  deg.  F. 

The  output  from  the  fuel  flow  orifice  thermocouple  was  fed 
to  a  miliivoltmeter .  A  calibration  curve  of  temperature  vs.  millivolts 
was  obtained,  and  was  used  directly  in  the  data  reduction  program. 


Probe  Thermocouples 

Tlie  Pt/Pt-Rh  probe  thermocouples  were  calibrated  against  a 
secondary  standard  Pt/Pt-Rh  thermocouple  supplied  by  the  Leeds  and 
Northrup  Company.  The  error  of  this  secondary  standard  is  guaranteed 
by  Leeds  and  Northrup  to  be  less  than  0.75  deg.  C  .  The  temperature 
range  of  the  calibration  was  600  degrees  Kelvin  to  1200  deg.  K.  Below 
1000  deg.  K.  the  error  was  found  to  be  generally  less  than  2  deg.  K. 

At  temperatures  above  1100  deg.  K  errors  as  high  as  5  deg.  K  were  observed. 

These  calibrations  were  carried  out  in  an  electric  furnace. 

The  thermocouple  to  be  calibrated  was  placed  in  contact  with  the  standard 
in  the  furnace,  and  the  open  space  around  the  thermocouples  was  packed  with 
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quartz  wool  to  prevent  the  readings  from  being  disturbed  by  stray  air 
currents.  Care  was  taken  to  establish  a  steady  state  before  any  readings 
V7ere  made.  A  Leeds  and  Northrup  standard  potentiometer  was  used  to  measure 
the  thermocouple  potentials. 


Orifices 

Tha  critical  flow  orifice  was  calibrated  using  a  calibration 
set  up  designed  by  Velmas  specifically  for  the  calibration  of  critical 
flow  orifices.  Essentially,  a  class  1-A  cylinder  was  connected  to  a 
heat  exchanger  and  pressure  regulator,  which  in  turn  was  connected  to 
the  orifice  to  be  calibrated.  The  change  of  weight  of  the  gas  cylinder, 
as  it  was  emptied,  was  measured.  The  scale  was  calibrated  using 
standard  weights.  Air  was  used  in  the  calibration,  and  it  was  necessary 
to  correct  for  the  molecular  weight  difference  when  the  orifice  was  used 
to  meter  nitrogen  rather  than  air. 

The  fuel  flow  orifice  was  calibrated  as  follows.  Water  v/as 
vaporized  in  the  fuel  vaporizer,  then  pas-sed  through  the  jacketed  line 
and  the  orifice.  Downstream  of  the  orifice  the  water  V7as  passed  through 
a  cooling  coil  and  condensed. 

The  diluent  nitrogen  orifice  was  not  calibrated  directly.  The 
flow  through  this  orifice  (0.097  inch  diam.)  was  calculated  by  using  a 
calibration  curve  for  a  siiialler  orifice.  A  0.033  inch  diameter 
orifice  had  been  calibrated  with  nitrogen  and  ethylene  using  a  wet  test 
meter.  Both  calibrations  showed  good  conformity  with  behavior  predicted 
by  standard  orifice  formulas  for  an  ideal  gas.  A  similar  calculation 
for  the  fuel  flow  orifice  (0.075  inch  diameter)  showed  good  agreement 
with  flow  rates  obtained  using  the  water  calibration  described  above. 


Pelmas,  R. ,  Classman,  I.,  and  Webb,  M. ,  An  Experimental  Investigation 
of  Longitudinal  Combustion  Instability  in  a  Rocket  Motor  using  Premixed 
Gaseous  Propellants.  Aero.  Eng'g,  Lab.  Report  No.  589.  Princeton 
University,  Princeton,  New  Jersey,  December  1961,  p.  10. 
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The  first  order  rate  constant,  ,  is  given  by  the  formula 

^^0  At 


h  ^ 


T  T 

^  f  " 


oIk 


Let  signify  the  fracrional  change  in  a  ,  i.e.  A -Si' 

I  }  y  y 


Then 


tlO  --  (i  ^  r^^-rr  0 


where 


^  ^(-S 


0 

()Am, 


To  estimate  the  fractional  error  in  the  rate  constant,  if  is  neces- 


sary  to  estimate  the  fractional  errors  in  ^  ^ 


V. 


A 


where  a^i  is  the  molar  flow  rate,  pn  is  the  molar  concentration,  and  A  is 
the  cross-sectional  area  of  the  duct. 


An 


'Vy(cerrier)  +  A^  (diluent  nitrogen)  +  ^li(fuel) 


or 


Alp 


G).0  -21  • 


Ai 


AJ 


^  1 


Thus,  it  is  seen  that  even  large  errors  in  the  flow  rates  of  fuei  and 
diluent  nitrogen  will  have  very  little  effect  on  the  fiow  velocity  of  gas  in  .'he 
reactor.  This  is  why  no  attempt  was  made  to  calculate  ihe  affect  on  the  gas 
velocity  of  the  change  in  the  number  of  moles  of  reactant  as  if  becomes  product. 


i 

’i 

I? 

X  * 
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Such  offset'  is  cloarly  of  little  significance  under  the  above  experimental 
cond i tions. 

The  flow  rate  through  a  critical  orifice  is  yiven  by: 


— 


-fto  p’ 


\j  y' St  ' 


/  - 


■4 

[U) 

0 

Pt>'J 

7 

j-e/V 

1  t-f 

^0 

The  pressure  gauge  is  accurare  to  ±  I  psi.  Furthermore,  f I uctua f ions 
of  ±  2  psi  in  the  carrier  pressure  do  occur.  Normal  carrier  pressure  is  200 
psi.  Thus,  /?-,  .5%:  1 .015  ^1+ 0  .985.  The  temperature  error 

is  less  than  50  f  _  Normal  operating  temperature  is  40°  F.  =  500°K  .  Thus 

^7^  «  \$  and  I  .01  ■-?  i-t  0.99.  It  follows  thar 


/+L-  ^ 

.99  ^  ''  1.01 

I  .02  i-i-  0.98 


Thus  the  expected  error  in  ^  .  t,  approx imarel y  2%,  making  fhe  er¬ 

ror  in  Vq  approximately  2%, 

It  appears  from  the  above  that  if  major  exper i me-nra  1  error  exss.s, 
then  such  error  must  be  sought  in  the  temperarures. 

The  following  errors  are  estimared: 

(1)  Thermocouple  cal ibration  error  (  ?°K  ) 

(2)  Error  due  to  difference  between  stagnation  and  static  femper- 

atures  of  the  gas  (0. 5°K  ) . 

(3)  Thermocup  I e  radiation  error  (50K  a:  .GOO^K 

at  800°K  ). 

(4)  Error  in  (jye  t.o  heat  transfer  with  reactor  wail. 


0.5°K 


and  may  be  neglecred) 
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(5)  Errors  due  fo  fuel  f luctutations. 


Consider  the  approximate  formula- 


and 


The  thermocouple  call  deration  errors  and  the  radiation  errors  will  not  af'ect 

the  above  formula.  The  variation  in  thermocouple  error  with  tempera  fur e  is  so 

slow  that  it  will  not  affect  ILL.  or  {T|  -  T),  since  the  error  will  be  cons^an: 

d  X 

and  will  subtract  out.  Since  the  probe  sees  an  in  i grated  radiation  from  the 
whole  duct,  the  radiation  error  will  be  approximately  constant  near  the  end  of 
the  reaction  zone.  Near  the  beginning  of  the  reaction  zone  the  radiation  error 
will  be  less,  and  there  will  be  an  effect  on  T^-t.  However,  T^-j  is  lame  in 
this  section,  and  d(T|-T)  =  - * -  will  be  small. 

r^-T 

The  highest  temperature  at  which  data  points  are  taken  is  s-jch  mot 
T^  -T  is  greater  than  lO^K  .  in  this  region  the  wall  temperature  is  approxi¬ 
mately  50°X  lower  than  the  gas  temperature  and  the  following  error  estimates 
are  made 

d  T  «-0,l5 
d  X 

(T|-t>  «-C.33 

It  follows  that 

(Tk  ♦  Jn-fT)  .  272 

or,  the  error  in  the  rate  constant,  k  is  21%. 


I 

1 

! 

j 

t 

I 


a 


t-  i  ■ 
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However,  rl^ere  is  also  an  error  in  The  temperature  at  which  This 
rate  constant  is  measured. 

T  •  (Tcradiation)  +  cTccal ibration) 

at  T  »  IC00° 

/t  -  -  __S. 


-  ^ _  »-0.7^ 

lOOO  1000 


Ht)  -= 

J'Ct]  - 


- 


AT 

T 


4^  ^  -SC-^) 


The  temperature  error  may  be  considered  as  an  eftective  raTe  const'anr 
error,  since  the  rate  is  assumed  to  be  at  a  wrong  Temperature,  .v'rit.’ng: 


sk  -  -4- (.'04-))^ 


taking  E  «  40  cal /mole 
K  *  2  cal /mo  I e 

T  »  lOOOOK 

Si  20^(1) 

Sb-  • 

Thus  the  total  percent  error  in  the  rote  constant  due  to  errors  in 

temperature  measuremonr  is  approximately  40)?. 

To  this  must  be  added  a  5%  error  in  reading  slopes,  and  an  error  in¬ 
troduced  by  fuel  flow  fluctuations.  The  error  due  to  fuel  flow  tiuctuaticns 


-  T- 


- - 

f 

(  ^ 
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can  be  as  high  as  20^-30^,  but  may  often  be  limited  to  much  lower  values. 

The  error  actually  observed  was  approximately  50;2.  It  is  seen 
that  this  error  may  be  accounted  for  by  experimental  inaccuracies. 
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Appendix  D;  Computations 

The  numerical  integrations  of  the  systems  of  differential 
equations  describing  the  suggested  reaction  mechanisms  were  integrated  on 
an  IBM  7090  electronic  computer  using  the  standard  eight  digit  accuracy. 

The  method  of  integration  used  was  a  modification  of  Milne's 
Method  adapted  for  computer  use.  This  method  is  described  by  Hamming  (1) 
and  Peskin  (2) . 

The  error  in  this  method  is  proportional  to  the  fifth  power  of 
the  integration  interval  times  the  fifth  derivative  of  the  dependent 
variable,  making  the  method  exact  for  the  integration  of  functions  whose 
sixth  derivative  is  aero. 

The  relative  value  of  the  error  is  used  as  a  control  on  the 
computation,  and  the  size  of  the  integration  interval  is  adjusted  to 
always  have  a  pre-set  error.  Normally  the  desired  accuracy  was  specified 
to  be  seven  significant  figures,  though  in  a  fev;  cases  a  lower  accuracy 
limit  V7as  used. 

The  main  defect  of  the  Milne  method  is  a  tendency  tov;ard 
instability  (1),  especially  for  negative  values  of  the  derivatives  or 
for  integration  in  the  negative  direction  for  the  independent  variable. 
However,  the  sets  of  equations  treated  did  not  appear  to  be  unstable. 

The  preset  accuracy  was  maintained  throughout  the  computation.  Integration 
backv;ard  in  time  reproduced  the  fon^ard  integration  as  exactly  as  could 
be  determined,  and  the  predictions  of  the  Milne  integration  compared 
very  favorably  with  integrations  of  the  same  set  of  equations  using  the 
Runge-Kutta  method. 

Tlius  it  seems  reasonable  to  assume  that  the  accuracy  of  the 
computations  is  sufficient  to  warrant  their  use  in  the  discussion  of 
the  reaction  mechanisms. 

The  same  type  program  was  used  to  study  the  different  mechanisms. 
An  outline  of  the  program  and  a  reproduction  of  the  complete  FORTRAN 
program  are  presented  in  v/hat  follows. 
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HYZE1C  PAGE  1 

:  PROGRAM  HYZE1C 

;  MODIFIED  DECOMPOSITION  MECHANISM,  JUNE  8,1963 

DIMENSION  Y(5,15),VP(5.15).YOUT(15)pYPOUT(t5) 

DIMENSION  DUMMY (12) 

COMMON  nUMMY.WI  ,W2,W3,W4,W5,W6,W7,W8,W9,W10,W1 1 
DIMENSION  C(50) 

DIMENSION  E(25).A(25)pW(25) 

COMMON  EpA,W,KAPPA,K,H,TAU,K1 ,K2,K3,NJ,X,TpYYY, JTT,NCC,NNC 

COMMON  CpQpCP 

WRITE  OUTPUT  TAPE  6,599 

599  FORMAT  (31H1IGOR  EBERSTE IN, PROGRAM  HYZEtC  ) 

WRITE  OUTPUT  TAPE  6,598 

598  FORMAT(40HDECOMPOSITION  CALCULATIONS  FOR  HYDRAZINE) 

KAPPA.1 

Kai0 

READ  INPUT  TAPE  5p5100pK1  ,K2,K3 
5100  F0RMAT(3I5) 

CALL  DATE(K1pK2,K3) 

12  read  input  tape  5p501pNJ 

DO  14  JJ-1,NJ  .  V  .  . 

READ  INPUT  TAPE  5,502, LJ,A(JJ),E(JJ) 

14  CONTINUE 

13  READ  INPUT  TAPE  5p503pT,TAU,YYY, JTT 
1995  DO  15  JJ«1,NJ 

W(JJ)-EXPF(2.3*A(JJ)-E(JJ)/(1 .99*T)) 

15  CONTINUE 

597  FOyiAT(64HREACTION  NUMBER  ACTIVATION  ENERGY  PREEX,A(JJ)  RATE 
1  CONSTANT) 

DO  16  JJ«1,NJ  ,  ,  ,  . 

WRITE  OUTPUT  TAPE  6, 504, JJ,E( JJ) ,A( JJ) ,W( JJ ) 

.6  CONTINUE 

WRITE  OUTPUT  TAPE  6,523 
WRITE  OUTPUT  TAPE  6,596,T 
WRITE  OUTPUT  TAPE  6,523 

596  FORMAT(27HTEMPERATUR£, DEGREES  KELVI  li.,  F9.1 ) 

24  Wl-Wd ) 

W2-W(2) 

W>W(3) 

W4«W(4) 

W^W(5) 

W6-W(6) 

W7«W(7) 

W8<iWi  8) 

W9-iW(9) 

W10-W(10) 

Wll-W(ll) 

21  READ  INPUT  TAPE  5,501.NCC 
READ  INPUT  TAPE  5,501,MNC 
READ  INPUT  TAPE  5,516, INIJIME 
TIME.(1.0E-06)^TIME 
DO  17  IC-1,NNC  ,  ^ 

READ  INPUT  TAPE  5.516, INI ,C(  1C) 

C(IC)-(1.0E-06)*C(IC) 

17  CONTINUE 
2Sx-C(1) 

HYD-C(2) 

HYR.C(3) 


. . . . . 
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A20T-C(1») 

AMM0*C(5) 

AMIN«C(6) 

AMID«C(7) 

H1-C(8) 

H2-C(9) 

HYRA.1 000.0 

C  SET  UP  Y  ARRAY 
Y(1,1)-TIME 
Y  1,2)»HYn 
Y(1,3)»HYR 
Y(1.4)»AZ0T 
Y(1 ,5)-.AMM0 
Y(1,6)=AMIN 
Y(1,7)»AMI0 
Y(lp8)«H1 
Y(1o9)«H2 
Y{1„10)«HYRA 
H-TAU 

READ  INPUT  TAPE  5t1  »f''ETHP,ACC.SIG, FI NAL 
READ  INPUT  TAPE  5. 550. Q. CP 
CALL  INIT(Y,YP,YOUToYPOUT) 

IF(SENSF.  SWITCH  5)595.505 

595  BACKSPACE  15 
GO  TO  1192 

505  WRITE  TAPE  1  5.T.K1  ,K2,K3pNJ Jl  ie,C(n,C(2) 

WRITE  TAPE  l5.(A(l).UUNJ),(E(U,U1,;iJ)»(.-.'(i  )J»1,NJ) 
1192  CONTINUE 

CALL  D I FTRN( N,METHn ,H, ACC , S I G, Y, YP. Y  JUT , YP JUT p  F I  UAL ) 

GO  TO  1192 
1  FORHAT(15,3E10.4) 

501  FORMAT (I  5) 

502  FaRMAT(l5,2ri0.1  ) 

503  FORMAT{F10.1,2E10.5J5) 

504  FORf1AT(l15p2Fl6.1.E10.4) 

516  F0RTAT(I11,E15.5) 

523  F0R:MAT(3H  III) 

579  FORMAT (15H  ADIABATIC  CASE) 

550  FOPJ1AT(2E10.5) 

END 
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SUBROUTINE  OUTPUT  (Y.YP.YOUT.YPOUT) 

DIMENSION  Y(5,15)#YpI5*15)bYOUT{1  5)»YP0UT(15) 

DIMENSION  DUMMY(12) 

COMMON  DUMMY, W1  ,V/2,W3,W4,V/5,W6,W7,W8,W9,W10sW11 
DIMENSION  C(50)  ,  ,  , 

DIMENSION  E(25)»A(25)»«''(25)^ 

DIMENSION  Z(25<»55).U2v25,55) 

C  OMMON  *  M  V.^PPa!k1  HJ  AU ,  K1 ,  K2 ,  K3 .  N  J ,  X .  T ,  Y  YY ,  JT  T .  NCC ,  NNC 
COMMON  C  ,  V  , 

DIMENSION  T1  (50)pR314(t0),PR(10)p8312(10) 

MMMMM«10 

997  KAPPA-KAPPA+1 

1338  IF  (SENSE  SV.MTCH  2)  4002,2338 
2338  IF(YOUT(7))605»606,606 

606  IF(YPOUT(2))607,607.605 

607  IF(SENSE  SWITCH  4)383*608 

608  IF(KAPPA-101  )992,383.383 
383  KAPPA.1 

K-K+1 

T1(K)-T 

DO  337  Je1  .MMM-IM 
Z(J,K)«YiXiT(J)*1  .E+6 
DZ(J,K)»YPOUT(J) 

IF(YOUT(J))605.1701  .1701 
1701  CONTINUE 
337  CONTINUE 
401  IF(K-24)411,408,11 
411  IF  (SENSE  SWITCH  3)  1  339*992 

1339  PRINT  508,Z(1 ,K),2(2,K),K 

GO  TO  992 

408  V/RITE  OUTPUT  TAPE  6,523 

WRITE  OUTPUT  TAPE  6,522 

410  VmiTE  OUTPUT  TAPE  6,506  ^ 

506  FORf>IAT(120H  TIME  HYDR/.ZINE  ^  n 

IHYDROGEN  NH2  MH  N2H3  Ml  /) 

813  vJrITeV'TPUT^TAPE  6.507*Z.(1  ,K),Z(2,K),Z(4,K),Z(5,K),Z(9,K),Z(6,K/, 

^\7R{fE^fAPE*?kz(l  Ik),Z(2,K),Z(4,K),Z(5,K),Z(9,K),Z(6,K),Z(7,K),Z(3 
1,K),Z(8,K) 

403  CONTINUE 

WRITE  OUTPUT  TAPE  6.523 

^9  FOWIAT?!  20H^  PfP^  REACT  TEMPERATURE  /) 

^1  RATE2  rate  3/2  RATE  3/4  PFKu.  REACT,  TEMPtKAlUht  t) 

41  3  DO  404  K»1 ,9*4  ^ , 

R(K).-(DZ(2,K)’^1  .0E+D6)/Z(2,K) 

R2(K)-R(K)/(Z(2,K)*1 ,Z£~06) 

R314(K)«R(K)*((Z(2.K)*1  .0E-06}^0.25) 
R312(K)«R(K)/aZ(2.K)*l,0E-06)**0.5) 

PR(K)-100.0*(C(2)-  Z(2.K)*1 .0E-06)/C(2) 

1.R314(K).PR(K),T1(K) 
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WRITE  TAPE  15,2(1,K),R{K),2(10,K),R2(K),R312(K),R314(K),PR(K),T1(K 

I  ’  ^ 

y  404  CONTINUE 

I  WRITE  OUTPUT  TAPE  6,523 

I  WRITE  OUTPUT  TAPE  6,521 

I  406  WRITE  OUTPUT  TAPE  6,506 

f  702  DO  704  K-1,9,4 

WRITE  OUTPUT  TAPE  6,507.Z(1  .K)  ,DZ(2,K)  ,D7.(4,K)  .DZ(5,K)  ,DZ{9,K) , 

f  10Z(6,K),PZ(7.K),DZ(3,K).DZ(8.K) 

^  704  CONTINUE 

1  WRITE  OUTPUT  TAPE  6,523 

;  DO  433B  K-1,15 

T1(K)»T1(K+9) 

004338  J-I.MMilMM 
Z(J,K)=Z(J,K+9) 

'  DZ(J,K)»(:Z(J,K+9) 

4338  CONTINUE 
K»15 

GO  TO  992 

605  PRINT  580 

WRITE  OUTPUT  TAPE  6,523 

WRITE  OUTPUT  TAPE  6,580 

WRITE  OUTPUT  TAPE  6,523 

580  rORMAT(15U  RESET  INTERVAL) 

IF(K-4)4002,4002,7838 
7838  LIG»K~3 
00  6838 

Y0UT(J)=.Z(J,LK)*1  .E-6 
4703  K«LK 
6838  CONTINUE 
K»LK 

GO  TO  992 

400  2  PRINT  4003 

'  WRITE  OUTPUT  TAPE  6,1588 

1588  FORMAT (1  HI) 

WRITE  OUTPUT  TAPE  6,523 
j  WRITE  OUTPUT  TAPE  6,4003 

i  WRITE  OUTPUT  TAPE  6,523 

U4O«0  .0 

WRITE  TAPE  1  5,U4Q,U40..U4Q.U4Q,U4Q,U4Q,U4r,U4Q,U4Q 
ENOFILE  15 
BACKSPACE  15 

400  3  F0RHAT(15H  CASE  INTERRUPT  ) 

WRITE  OUTPUT  TAPE  6,599 
WRITE  OUTPUT  TAPE  6,1599 
1599  FORf-lATdAH  TO  BE  PUNCHED) 

WRITE  OUTPUT  TAPE  6,5100,K1  ,K2,K3 
PUNCH  5100»'<1  .K2,K3 

PUNCH  501,  NU 
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SUBROUTINE  TERM  (I BACK,  nNAL,YOUT) 

DIMENSION  Y{5,l§),YP(5,15),YOUT(15),YPOUT(l5) 

DIMENSION  DUmY(12) 

COMMON  DUMMY, W1  ,W2,W3,Wif,V75,W6,W7,W8,W9,W10,Wl  1 
DIMENSION  C{50) 

DIMENSION  E(25).A(25).W{25) 

COMMON  E,A,W,KAPPA,K,H,TAU,K1  ,K2,K3»NJ,X,T,YYY, JTT, NCC,NNC 
COMMON  C,Q,CP 

C  THIS  SUBROUTINE  WILL  NOT  TERMINATE  IN  THIS  FORM. 

IF(SENSF.  SWITCH  6)102,301 
301  TI.N«T 

GO  TO  101 

102  AMRF.«C(2)-YOUT(2) 

CTOTs.C(l  )+C{2) 

DELTa(0/r.P)*(AMR£/CTOT) 

TaTIN+DF.LT 
11  SENSE  LIGHT  1 

IF(SENSF.  SWITCH  4)201,1995 
201  PRINT  500, CELT, T 
500  FORM/U(2E1  5.8) 

1995  00  15  vJ«l,NJ 

W(JJ)=EXPF(2.3^'^A(JJ)~E(JJ)/{1  .99*T)) 

15  CONTINUE 
24  W1=W(1) 

W2*W(2) 

W3«W(3) 

W4«V/(4) 

W5-=W(5) 

W6«W(6) 

W7»W(7) 

W8=:W(8) 

W9»W(9) 

W10=V/(U‘-) 

W11«W(11} 

101  1BACK«=1 
RETURN 
END 


I 

i 

i 
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WRITE  OUTPUT  TAPE  6,501,NJ 
no  1662  JJ«1,NJ 
WRITE  OUTPUT  TAPE 
PUNCH 

1662  CONTINUE 
LANNY-21 

LOLAnI 

BIGX-1.E6*X  . 

WRITE  OUTPUT  TAPE  6, 503,T,TAU,YYY, JTT 

PUNCH  503flT,TAU,YYY,JTT 

WRITE  OUTPUT  TAPE  6.50t,NCC 

PUNCH  501*NCC 

WRITE  OUTPUT  TAPE  6,501,NNC 

PUNCH  501,MNC 

WRITE  OUTPUT  TAPE  6, 516,LANNY,Z(1 , 1 ) 

PUNCH  516,LANNY,Z{1.1 ) 

WRITE  OUTPUT  TAPE  6,5t6.LOLA,BIGX 
PUNCH  516, LOLA, BIGX 

no  1661  Jo2,NNC 

WRITE  OUTPUT  TAPE  6,516, J,Z(J,1 ) 

PUNCH  516,J.Z(J,1) 

1661  CONTI  fAJE 
11  CALL  EXIT 
992  RETURN 

501  FORfViTdS) 

502  FORf^T(l5,2F10.1 ) 

503  FORI1AT(ri0.1 ,2F.10.5J5) 

504  FORMAT(ll5,2ri6.1.i;i0.4) 

523  F0RHAT(3H  HD 

516  F0RMAT(I11,E15.5) 

521  FORMAT (13H  CEKIVATIVES  /) 

522  F0RMAT(16H  C0NCEUTI;ATI0NS  /) 

547  F0RMAT(5E13.5) 

526  FORf1AT(2r.l5.6,l3) 

507  FORMAT (OKI  3.5) 

508  F0RMAT(2F.13.4,I3) 

599  FORMAT  (31  HI  IGOR  EBEHSTEI N,PR^X,RAM  HYZEIC  } 
5100  FORMAT (31  5) 

END 


6,502,JJ,A(JJ),E(JJ) 

502,JJ,A(dJ),E(JJ) 


SUBROUTI NE  I Nl T(Y,YP,YOUT,YPOUT) 
DIMENSION  Y{5,14),YP(5,t4) 

DIMENSION  Y0UT(14),YP0UT(14) 

D I  MENS  1  ON  AAAAA ( 4) , BBB8B ( 4) , CCCCC ( 4) 
COMMON  AAAAA, BBB8Q, CCCCC 
AAAAA  (1  )«.5 

AAAAA(2)«. 29289321 881  34524755991 558380 
AAAAA(3)«1 .7071067811865475244008443620 
AAAAA { 4)* , 1 666666666666666666666666667 
BBBBB(1 )«1  .0 

BBBBB ( 2)« . 29289321 881  345247  55991 556380 
B83BB(  3)«1  .707106781 1 865475244008443620 
BBBB8(4)«. 3333333333333333333333333333 
CCCCCd  )«.5 

CCCCC ( 2 )« . 29289321 881  345247  55991 556380 
CCCCC  (3)«1  .7071067811865475244008443620 
CCCCC(4)=».5 

DO  900  KKKKKbI  ,5 
900  YP(KKKKK,1  )«1  .0 
RETURN 
END 


c 


HYZE?  C  £ 

SUBROUTINE  Dl FTRN{N,METHD«H.ACC,SIG,Y*YP,YOUT,YPOUT. FINAL) 
DIMENSION  Y(5,14),YP(5.14) 

DIMENSION  Y0UT(14),YP0UT(14) 

D I  MENS  I  ON  AAAAA(4) ,CCCCC(4) 

COMMON  AAAAA.BBBBBjCCCCC 

DIMENSION  QQ(1 5) ,PREO(t  5) ,CORR(1 5) ,PHC(1 5) 

902  UPPPP-29.''^(10.**(~ACC)) 


DOl'A'/N«t  o666666666666666666666666667E”v;3*UPPPP 
fWN+1 


903  K»1 

DO  904  U1,M 

904  QQ(I)-0.O 

905  J-1 
Li«1 


GO  TO  4 

908  IF(METHr').-}10,9l4,910 

910  I  F{K-4)911  ,930,930 

911  K«K+1 

DO  912  U1,M 
Y(K,l)»Y(i<-t,l) 

912  YP(K,I  )=YP(K-1,I) 

J«1 


L2«2 

GO  TO  916 

914  L2«1 

916  I F(J-4)91 8,91 8,999 
918  DO  920  U1,M 
0nDDD«H-nP(K,  I ) 

RRRRfieAAAAA  ( J )  *DDDOD-BBBBB  ( J )  *QO  ( I  ) 

Y(K, I )=Y(K, I )+KkRRR 

920  00(1  }==00(|  )+3.*RRRRR-CCCCC( J)*DCDDD 
IF(J-4)922,922,999 
922  J-J+1 
L1»2 
GO  TO  4 

999  YOUTd  }»Y(K,1  ) 

DO  998  U2,M 

YOUT(l)«Y(i'v,l) 

998  YPOUTd  )»YP(K,  I  ) 

GO  TO  6 

DIFS  IT  PACKAGE  -  MILNE  PART 
930  DO  932  U2,H 

932  PMC(I)«0.O 
MIL1a0 

933  K»5 

Y(5,1 )=Y(4,1 )+H 
DO  934  U2,M 

Pr<EDU2.*YP{4,l  )-YP(3,I  )+2.*YP(2,l ) 

PREO{  I  )»Y(1  . 1  )+(1  .333333333333333333333333333*H-*PRE01 ) 

934  Y(5pl  )«PRED(I)-,9655172413793103448275862068*PMC(I ) 
L1»3 
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936  00  938  1-2, M 

C0KR1-4."fYP(4,l  )+YP(3,| ) 

pfTo ) ' pred!  1  Tcorro  ‘  )+coRRi  :> 

938  Y(5, 1  )«CORR(  1  j +.03^4827 586206896  551 7241  37931  *PHC(  I ) 

AhAX»0.O 
00  948  U2.M 
ir(SIG)968,966,966 
968  TEST«ABSF(PRED( I )-C0RR( I)) 

GO  TO  970 

966  TEST«ARSF(1  .-PREDd  )/CJRR(l )) 

970  DIFF-AMAX-TEST 

IF(nirF)946,948,948 
946  AI1AX-TF.ST 
948  COHTIMUF. 

950  iF(A!1AX-UPPPP)952,952,958 
952  I  F(AMAX-00VM4)962,954,954 
C  OK  (NO  CHANGE) 

954  K«5 
LI-4 

GO  TO  4 

955  00  956  1-1  .M 

00  956  K«1  ,4 
Y(K.I  )r=Y(K+1 ,1 ) 

956  YP(K,I}«YP(K+1,1) 

K»5 

Ml  LI-1 
L2-3 

GO  TO  999 

C  HALVING  INTF.R'/AL 

958  il-.S'-^H 

IF(5F.NSE  SWITCH  1:702.701 

702  PRINT  705, H 

705  FORMAT  (lit!  HALF  I  NT.  ,E10.4) 

701  IF  (mil1  )959,903,959 

959  00  960  1-1,0. 

960  y(i,i)=.y( ‘,,1) 

GO  TO  903 

C  DOUDl.lilG  INTERVAL 

962  H»2.*H 

iF(Sr..RSF.  SWITCH  1)704,703 
704  PRINT  706, H 

706  F0r‘'.MT(l3H  POODLE  I  NT.  ,E10.4) 

703  F'O  964  1-1  ,M 
964  Y(1,I)«Y(3,I) 

GO  TO  ^)03 

4  CALL  nERIV(Y,YP,K) 

GO  TO  (908, 916, 936, 955). >-1 
6  Call  OUTPUT  (Y.YP,YOUT,YPOUT) 

CALL  T ERIK  I  BACK,  FI  NAL,YOUT'- 
500  GO  TO  (8,2),  I  BACK 
8  GO  TO  (905. 908, 933), L2 
2  RETURN 
Eun 
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SUBROUThlE  l)ATE(K1  ,K2,K3} 

I  F(K2- 31  )2702, 2702, 2701 

2701  K2-K2--31 
KUK1+1 

2702  CONTI  IWF. 

GO  TO  (201. 202, 204), K3 

201  NYFAka1%1 
GO  TO  203 

202  NYEAR«1562 
GO  TO  203 

204  ilYEAR*t%3 

203  CONTINUE 

GO  TO  (101  .102,103.104,105,106.107,108,109,110,111  ,112), K1 

101  \miTr.  OUTPUT  TAPE  6,5101  , <<2, NYEAR 

5101  roR;';AT(l25,7H.)A!lUARY,  I  5) 

GO  TO  120 

102  vmiTE  OUTPUT  TAPE  6, 5102,K2,NYEAR 

5102  rORnAT(  I  25,oHFEUi<UARY,  I  5) 

GO  TO  120 

103  WRITE  OUTPUT  TAPE  6, 5103. K2, NY CAR 

5103  FOkMAT(  l25,5HilARCU,l5} 

GO  TO  120 

104  WRITE  OUTPUT  TAPE  6, 5104,K2, NYEAH 

51 04  r-u'RllAT  (125,  5HAPR I  i. ,  I  5) 

GO  TO  120 

105  WRITE  Output  tape  6.5i0  5,»^2.NYi.Ar. 

5105  FOR:  AT  (1 25.  3H:'.aY,  I  5) 

GO  TO  120 

106  WRITE  OUTPUT  TAPE  6,5106,K2,RYEAR 

51 06  FOR! <AT ( 125,  4H JUNE ,  1  S' 

GJ  TO  120 

107  ',/illTE  OUTPUT  TAPE  6, 5107,R2,NYi.Ar- 

5107  rOMUTT(l25,4HJULV,l5) 

GO  TO  120 

108  'WHITE  OUTPUT  TAPE  6, 5108,K2,UYr;Ai. 

51 0  8  r  OHi  i AT  ( I  2  5 , 6m AU G U S  T ,  1  5 ) 

GO  TO  120 

109  •.;R1TE  output  tape  6,510O,A2,..Y;'AK 

5109  i'OiU'iATf  I  25,‘»USf.PTEMBER,  I  5) 

GO  TO  120 

110  Wi'.ITE  OUTPUT  TAPE  6, 51 10,R2,NYt'.Ai. 

51 1 0  i-  0<  JIAT  ( 1  2 5 , 7H OC T OP, E H ,  I  5 ) 

GO  TO  120 

111  \/r.ITE  (JUTPUT  TAPE  6, 511 1  ,K2,NYr:AR 

51 1 1  i-OiCiAK  1  25,8HN0VEI'.BF.R,  I  5) 

G  O  T  O  120 

112  WRITE  OUTPUT  TAPE  6, 51 1  2,R2, NYEAR 

51 1  2  ;’OR!'.AT { 1 25,8Hi;ECEilBF.R,  I  5) 

120  RETURN 

ENO 


r 


SUBROUTfiJE  r.ERIV{Y,YP,K^ 

0  I  HENS  I  ON  V ( 5, 1  5} , YP ( 5, i  5) , YOUT (1  5) , YPOUT ( 1 5) 
n I  HE  NS  I  ON  rUMMY(t2) 

C  OHM  0 N  r UHM Y ,  V/1  ,  W 2 .  W 3 ,  W4 , W  5 .  W6 ,  W7 ,  V/B ,  W9 ,  W1 0 , .'1 1 
flHENSIOJ  E(25),A(25).W(25) 

C OMHON  E ,  A , ,  KAPPA ,  L , H ,  TAU , K1  » K2 ,  K 3 ,  N J ,  X  ,  T ,  Y  Y  Y ,  J  r  T 
TIME»Y(K.1  ) 

HY0aY(K,2) 

HYR«.Y(K,3} 

AZ0T»Y(K,4) 

AMHO»Y(K,5) 

AH|itiY(K,6) 

AHir«Y(K.7) 

HlnY(K,n} 

H2=Y(K,9) 

HYRA»:Y(K,10) 

VOV/1  oNl  *X 

VOW2»(V/3-^\^5)*X 

VOW3a2.0*Wr-^X 

VOW4«W5*X 

VOW^O'S^X 

VOW6«W3*X 

V/00l=.\/2'''Ar.l  N 

W002«W7*AH|.i 

\;003«w4-ill 

V.'004=H1  -nvo 

W005«W6’^a:'.I. 

v/oo6«nYtv-n-/a 


W007s*''A)0|  4-vA}03 
W008«W002^''/004 
W00<}=V0'N6+O.)08 
WOOi0=W10*AH,|  N*A:‘.i  N 
rHY0»-HYr  *  ( V  Twi  +«;o^7+w6  w,i  i< ) 
t'HYr»(;H'^r+'wooi0 

{  HYrsHY: ( w ■:-oi  v./  305 } -hy i'.*  ( v  j\/2+wooa+w j06 ' 

['■HYi;«:  HYi:-HYR-^/  )0f> 

PAHI  l4sHYn*(vOW3-'.;  K)1  ^W003+V/  )05:  +HYI-  (VO’./4-V.' 
DAI'.I  :>b.i  AHI  N-WOOIG'-'^Z.;-' 

I  AHI raV0W5*HYi>-w;)05'O^Yr, 

DH1  t*HYR*  { V  ;3V,'6-i/ J04 )  -HY[*V/003 
[;'AHM;)«HY('*;A)07+iiVf  * (v/002-^V/a*HYii*2 } 
l.H2=HYk*(\/000+v/004} 

TAZOTaHYR* ( WOOO+-,;  '06  } 

YP(K,2)«i'HYl) 

YP(K,3)»1‘HYR 

YP{K,4:aPAZ0T 

YP(K,5}ai-AHM0 

YP{K,6}«PAM!N 

YP(K,7)«rAHIl) 

YP(K,a)ai;H1 

YP(K,9}=Ti'H2 

YP(K,10?a-O,1*HYRA 

RETURN 


■  >'.'2  ;■ 


END 
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SUBROUUME  DEHIV(Y,YP,K)  ,  ^ 

DIMENSION  Y(5»t5).YP(5.15)fYOUT(15),YPOUT(15) 

DIMENSION  OUMMYdl) 

COMMON  UUMMY,W1  ,W2,W^,W4,W?.W6,W7,V/8,W9,W10,W1  \ 

DIMENSION  E(25).A(25hW(25)  v  t  wv  .tt  jrr  M-jr 

COI^Otl  E,A,W,KAPPA,L,H,TAU,K1  ,K2,K3»NJ»X,T,Y'rY,  JTT,  NCC,NilC 

TIME«Y(K,1 ) 

HYD«Y(K,2) 

HYR»Y(K,3) 

AZ0T-Y(K,4) 

A!AM0«Y(K,5) 

AMI  IVY (K, 6) 

AHID*Y(K,7) 

H1-Y(K,8) 

H2«Y(K.9' 

DHY^vi2*HYr*AMl  N+W6-’fHYD*Al'-ir-HYr;A*X*{Vd  1  )-2.0''WB*HYiiA---HYkA 

1-W5*HYRA  ,  , 

r-HYRaWI  1  ''^HYRA*Y-HYK*  (W7'‘AI '  I  N+W9''^N1  ) 

DHYDn-MYD*  (W2^A!' I  N+W4^Ht +V/1  •'*a+UE)*Ai‘*  I  )+W10'^AI  :1  N^A.  tl  N  i.t-ivd  '•> 

('■AMI  lvi-iY!  *(2.0*Vi'|*X+»74*H1+V/6*Ar.lD)+V/5*NYRA  -AMIN’*  (^'Z'  HYi<+  Y 

ltO*AMlN*2.0) 

['AtHr»W5^HYr<A  -We^^HYn^AMID 

rm «Vi  * ( V,'4*HYr+V/9*HYK } 

C-AM-MO-HYi-^CViZ'^AMl  !i+W4'*H1  )+!nNv*(V,7*A.'N  N) +vAV-HYf;A-HYRA*2.v- 

i  AH.)Z»HVI'A*W3*X+:'1YK*('./7*A::|N+W9*m  ) 

I  AZ  JT«1'  AHOZvwrs*!  lYuA^HY  RA 
0H2=-  AM JZ+HYR*H1  *W9 
YP(i;,2)«:HYU 

YP(R,3)»'  HYR 
VP(K.,U'=>i  AZOT 
YP(R,5'=’  ammo 
''P(K,f) /Mil  A 
YP(R,7'=’  A!1|{. 

YP(K,P>'  .^1 
YP(K, !i2 
YP(K,t0>i-iiYr.A 
RLTURM 


i 


SUBROUTINE  DERI V(Y, YP,K) 

DIMENSION  Y(5,15),YP(5,15).Y0UT(15),YP0UT(15) 
DIMENSION  DUMMY (12) 


UOMH7A 


COMMON  DUMMY.V/I  ,W2,W3,W4,W5,W6,W7,W8,W9,W10 ,W1 1  .W1  2 
DIMENSION  C(90) 

DIMENSION  E(25).A(25),W(25) 

COmON  E,A.W,KAPPA,K.H,TAU,K1  ,K2,K3, NJ,X.T, YYY, JTT, NCC,NNC 
T I  ME»tY  (K,1  ) 

UDMH.Y(K,2) 

AMMO-iY(K,3) 

AMIN-Y(K,4) 

HYR*Y(K,5) 

ETANE«Y(K,6) 

TMANE«Y(K,7) 

ZINE.Y(K,8) 

XMET-Y(K.9) 

HCl4oY(K,10} 

H2-Y(KJ1) 

AZOT«Y(K,1 2) 

AM  1 0-  ( Wn*HYR )  /  ( W  5*U0I  IH ) 

U  N«UnMH*  ( W3*XM£T+W5*AM  I  {' '  /W6 

RIbUDHH-'^/V/I  *X+V/4*AM.|  •|}/V/2 

DUDMHb-U{)M.H*(  W1  *X+W3*Xr.ET+W4*AIU  N+W5*AMI  [: ) 

DAMI  lt.UnMH*(W1  *X+W5>AI1l(.-W4*AMl  N)+W9*HYR~A?ll  N*(W8*Z|  NE+2.D’' 


IN) 


DHY R«Z  I  NE* ( W7*XMET+wn*AM I  N ) -HYR* ( V/9+2 . '>W1 0’>fH YR ) 

DZI  NEaAMI  N*(W4’njnHH+W11*AMI  N)-Z I  NE^'f  (W7’^XMET+W8-'fAMI  N) 
DXMET«W2*R1  +V^6’^UN-XMET*(W3*U0MH+'W7*7.INE+2.;;''n-/1  2'=^XMET) 
DHCIM/Z^RI 
DH2»W2*R1 

n  AZ  0T»W6*UN+W1 0  •'■'HYR^liYR 

DAMMO-Wn*Zl  NE*A:*.|  N+2.O*v;i0*hYR*HYR 

DETANE»W1  2*X!'.F.T*X!1ET 

DTHANE»XMET*(W3'’fUDMH+W7*Z  I  NE  )+W6*UN 

YP(K,2}««i:Ur-MH 

YP(K,3}«[:AMM0 

YP(K,4)«i  AMIN 

YP(K,5)»i'HYR 

YP{K,6)=»0ETANE 

YP(K,7}»iTHAN£ 

YP(K,8)«t’-ZINE 

YP(K,9}«RXMET 

YP(K,10)«[*HCN 

YP(K,11)«.nH2 

YP(K,12}-nAZ0T 

Y(K,13)«R1 

Y(K,14)»AMID 

Y(K,15)«UN 

RETURN 

END 
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The  folloving  abbreviations  were  used: 

AMID  is  NH 

AMIN  is  NH^ 

AMMO  is  ammonia 

AZOT  is  nitrogen 

Hi  is  atomic  hydrogen 

H2  is  molecular  hydrogen 

HYD  is  hydrazine 

HYR  is  N2H2 

HYRA  is  in 2^3* 

ETANE  is  ethane 

R1  is  CH^NCH^ 

UN  is  CH^NNHCH^ 

THANE  is  methane 

th 

V7(I)  is  the  rate  constant  of  the  I  elementary  reaction. 

XMET  is  CH3 

ZINE  is  hydrazine 

For  input  and  output  the  concentrations  were  in  millimoles/liter, 
and  time  was  in  microseconds.  For  computation,  concentrations  were 
in  moles/cc,  and  time  was  in  seconds. 

Second  order  rate  constants  were  in  cc/.  ole-sec.  First 
order  rate  constants  were  in  sec”^ 


